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Thyroid hormones (TH) are essential for proper embryonic development of the central 
nervous system. During this period maternal supply of TH is the only source of these 
hormones to the embryo. Using a zebrafish MCT8 knockdown model, with consequent 
inhibition of maternal thyroid hormones (MTH) uptake to the target cells, the aim of this 
thesis is to start a comprehensive understanding of the role of MTH during embryonic neural 
development. We characterised the transcriptome in 25hpf CTRL and MCT8MO zebrafish 
embryos and found 4,343 differentially expressed genes. Reactome analysis show that MTH 
regulate the expression of core developmental pathways such as NOTCH, SHH and WNT. 
The cellular distribution of neural MTH-target genes demonstrated their cell specific action 
on neural stem cells and differentiated neuron classes. We identified a series of genes 
involved in several key neurogenic processes to be modulated by MTH. By analysing these 
genes by qPCR in a temporal series, from the start of segmentation through hatching, we 
determined the developmental time-window where MTH are required for appropriate CNS 
development. We show MTH are involved in the regulation of NOTCH pathway 
components such as notch1a, dla, dld, her2 and her4 during neurogenesis, whereas 
neuroectodermal genes are not affected. Response to MTH begins at 12hpf, and the time 
window between 22-25hpf is particularly sensitive to MTH action. Overall, these results, 
show that MTH is not involved in neuroectoderm specification nor CNS 
compartmentalisation but stress the involvement of MTH in the early stages of neurogenesis 
by promoting the maintenance of specific neural progenitor populations. Analyzing the 
cytoarchitecture of the spinal cord we found that by the end of embryogenesis cells 
populating the spinal cord of control and MCT8 MO zebrafish are substantially different. 
Lack of thyroid hormone uptake leads to a generalized disorganization of the neural tissue, 
together with a decrease in: neural stem cells population, subpopulations of neuron 
progenitor cells, radial glial cells, mature glial cells and oligodendrocyte precursors, while 
the primary motor neuron domain was maintained. Colocalization analysis of neural 
progenitors with thraa, thrab and mct8 allowed identifying cells under the regulation of 
MTH via MCT8. Survival and proliferation of neural progenitor cells are compromised in 
MCT8MO, which could later impact on the diversity of neural cell populations obtained in 
the end of embryogenesis. Analysis of cell autonomous Notch activation showed it cannot 
rescue the phenotype induced by the lack of MTH demonstrating the niche importance in 
the regulation of TH action. Given that MTH regulate several important morphogenetic 
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pathways it is likely that its action occurs as an integrator enabling an adequate equilibrium 
between all these signals in a time a context dependent manner. MTH actions are reflected 
on the timely development of neurons and glial cells. It is of great interest to continue to 
explore the significance of these findings to further clarify the genetic and cellular causes 
underlying human AHDS syndrome. In conclusion with this work, we show that thyroid 
hormone transferred from the mother to the embryo allows the enrichment of neural 
progenitor pools and the generation of cell diversity necessary to produce a fully functional 
central nervous tissue. 
 




As hormonas da tiróide (TH) são essenciais para o correto desenvolvimento embrionário do 
sistema nervoso central (CNS). Durante este período o fornecimento de hormona da tiróide 
pela via materna é a única fonte destas hormonas para o embrião, uma vez que a produção 
endógena desta hormona é iniciada apenas numa fase posterior do desenvolvimento. 
Evidências mostram que mesmo níveis baixos de deficiência de hormona da tiróide na mãe 
estão associados a desordens neurológicas e psiquiátricas nos filhos. No entanto os 
mecanismos moleculares envolvidos na ação desta hormona no embrião e feto continuam 
amplamente desconhecidos. Em humanos, mutações no principal transportador celular de 
TH, MCT8, causa a síndrome de Herndon-Dudley (AHDS). Esta síndrome é caracterizada 
pelo atraso mental, atraso global no desenvolvimento, impossibilidade de falar e uma 
deficiência neuromotora severa. O MCT8 é o principal transportador de hormona da tiróide 
presente no embrião. No presente trabalho utilizamos o “knockdown” deste transportador, 
inibindo a sua tradução, no modelo de peixe zebra. Este modelo foi previamente estabelecido 
e possui características semelhantes à síndrome AHDS humana.  Neste modelo o transporte 
da hormona da tiróide materna (MTH) para as células alvo é bloqueado, uma vez que o 
MCT8 está ausente, inibindo a ação da hormona. O objetivo desta tese é começar a 
compreender o papel destas hormonas durante o desenvolvimento neural embrionário. Para 
isso caracterizamos o transcriptoma de peixe-zebra CTRL e MCT8MO às 25 horas pós-
fertilização (hpf) por RNA-seq. Foram encontrados 4343 genes diferencialmente expressos. 
A análise utilizando o Reactome revelou que a MTH está envolvida direta ou indiretamente 
na expressão de genes pertencentes a importantes vias de sinalização, incluindo Notch, Shh 
viii 
 
e Wnt. A análise da distribuição celular de genes alvo da MTH por hibridação in-situ revelou 
uma ação celular específica em células estaminais neurais, mas também sobre várias classes 
de neurónios diferenciados. A análise transcriptómica revelou também que uma série de 
genes envolvidos em vários passos de processos-chave da neurogénese são modulados pela 
MTH. Analisando alguns destes genes numa série temporal desde a fase da segmentação até 
à eclosão do embrião de peixe-zebra por qPCR, determinamos a janela temporal na qual a 
MTH é necessária para um correto desenvolvimento do sistema nervoso central no peixe-
zebra. Mostramos que a MTH está envolvida na regulação de componentes da sinalização 
Notch, tais como notch1a, dla, dld, her2 e her4 durante o processo de neurogénese, enquanto 
que genes envolvidos na formação e manutenção da neuroectoderme não são regulados pela 
MTH. A resposta à ausência de MTH inicia-se às 12hpf, sendo que a janela de 
desenvolvimento entre as 22 e 25hpf parece ser particularmente sensível à ação da MTH. 
Globalmente estes resultados mostram que a MTH não está envolvida na indução neural, 
nem na compartimentalização do sistema nervoso central. No entanto é demonstrada a 
importância da MTH na fase inicial da neurogénese pela promoção da manutenção de 
populações de células progenitoras neurais. A análise à citoarquitectura da medula espinhal 
revelou que na fase final do desenvolvimento embrionário as células neurais presentes em 
embriões CTRLMO e MCT8MO diferem substancialmente. A diminuição de transporte de 
MTH para as células alvo leva a uma desorganização geral do tecido neural, para além duma 
redução em células estaminais neurais, subpopulações de células progenitoras de neurónios, 
células radiais gliais, células da glia maduras e progenitoras de oligodendrócitos; enquanto 
que a população de neurónios motores primários é mantida na ausência de MTH. Análise de 
colocalização de células progenitoras neurais her2(+), dla(+) e fabp7a(+) com RNAm de 
componentes do metabolismo da hormona da tiroide, nomeadamente recetores (thraa e 
thrab) e o transportador mct8, permitiu a identificação de células  que estão sob a regulação 
da MTH.  Um dos papeis clássicos da TH envolve a sobrevivência a proliferação celulares, 
no entanto a sua função varia com o tipo celular, o estadio de desenvolvimento e contexto 
celular. Verificámos que em embriões MCT8MO a sobrevivência e proliferação de células 
progenitoras neurais her2(+) e dla(+) estava comprometida, tanto na medula espinhal como 
no romboencéfalo. Este facto pode impactar a diversidade das células neurais obtidas no 
final da embriogénese. Na verdade, a divisão assimétrica de células progenitoras originando 
células da glia ou progenitoras intermediárias está diminuída nos embriões MCT8MO, 
mostrando um possível papel da MTH na sua formação. Com vista a esclarecer o papel da 
MTH sobre a sinalização Notch procedeu-se à ativação da sinalização Notch em células 
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neurais da espinhal medula de embriões MCT8MO e CTRLMO. Esta sobre-expressão 
celular isolada da sinalização Notch em células individuais mostrou ser insuficiente para 
recuperar o fenótipo induzido pela falta de MTH, demonstrando a importância do nicho 
celular na regulação da ação da MTH. A ação da MTH parece estar envolvida no memanismo 
de divisão assimétrica de células neuroepiteliais. Este tipo de divisão está na origem da 
diversidade de células neurais obtidas. Um reflexo da perda deste tipo de divisões na espinhal 
medula pode ser a perda de progenitores intermediários que expressam neurogenina 1 e 
neurod6b. Dado que a MTH regula várias vias morfogenéticas é provável que a sua ação 
seja a de integradora entre estas vias, permitindo o equilíbrio entre estes sinais num 
determinado tempo e contexto celular específicos. As ações da MTH refletem-se no 
desenvolvimento correto e atempado de neurónios e células da glia. É de grande interesse 
continuar a explorar o significado destas descobertas, nomeadamente para esclarecer as 
causas genéticas e celulares que causam a síndrome de Herdnon-Dudley (AHDS). Foi 
desenvolvido um modelo de ação da MTH durante o desenvolvimento no peixe zebra, em 
que em subpopulações de células progenitoras contendo MCT8 e recetores da hormona da 
tiroide (sensíveis a TH) na ausência desta sofrem apoptose e/ou redução na proliferação em 
momentos distintos do desenvolvimento neural. As células progenitoras não responsivas à 
TH prosseguem o seu desenvolvimento. O balanço final será uma diminuição da diversidade 
de progenitores neurais e consequente perda na variedade de neurónios e células da glia 
maduros. Este efeito a nível celular terá efeito na função do CNS. Em conclusão este trabalho 
mostra que a hormona da tiroide transmitida da mãe para o embrião e que dá entrada nas 
células alvo através do MCT8 permite o desenvolvimento de populações de progenitores 
neurais e o consequente enriquecimento da diversidade celular, necessária à formação de um 
sistema nervoso central funcional. 
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CHAPTER 1  
INTRODUCTION 
1. GENERAL INTRODUCTION 
The first relevant published work which raised the fact that thyroid gland had an 
important role in normal brain development was published in 1888 (Ord, 1888). The 
publication was based on a report from the committee of the Clinical Society of London 
(1883) which demonstrated that patients with both sporadic and endemic congenital 
hypothyroidism showed evidence of mental retardation. This work paved the way to 
new clinical treatments and findings on thyroid hormones function during the following 
years (Sawin, 1902). Since these very early studies, an important body of work has been 
done in understanding the role of thyroid hormones, they have prominent effects on 
growth, development, and metabolism of virtually every cell and organ (Yen 2001). 
During adult life they have metabolic effects, including changes in oxygen 
consumption, protein, carbohydrate, lipid, and vitamin metabolism (Oetting & Yen 
2007). They are also essential in both foetal and post-natal neurodevelopment and on 
the regulation of neuropsychological function in children and adults (Williams 2008). 
Although treatment for some thyroid disorder began over 100 years ago (Slater 2011), 
thyroid diseases are among the most common endocrine disorders worldwide. To this 
fact a great contributor is, of course, restricted access to medical diagnosis and 
treatment (Vanderpump 2011) and iodine deficiency (iodine is an essential component 
for the synthesis of thyroid TH). Iodine deficiency still remains a public health issue and 
puts entire populations at risks for conditions that range from decreased energy and mild 
cognitive development, to severe brain and neurological damage due to in-utero, 
neonatal and endemic hypothyroidism (Hetzel 2000; Oetting & Yen 2007).  In fact, 
severe iodine deficiency, was considered by the World Health Organization (WHO) the 
single most preventable cause of neurological deficiencies in children (WHO et al. 
2007). Worldwide plans were put in action by the WHO to address this situation, with 
the prevailing measure being prophylaxis by iodization of table salt (ING 2019; 
Zimmermann & Andersson 2012).  
Thyroid hormones are produced in the thyroid gland, but even before the gland is 




and binding proteins are present in the human foetus (Chan et al. 2002, 2011; Kester et 
al. 2004). Nevertheless the importance of thyroid hormones during embryonic 
development was disregarded for decades since work done in sheep (Hopkins & 
Thorburn 1971, 1972) mislead to the  consensus that the placenta was virtually 
impermeable  to T4 and T3 and that the small amounts possibly transferred were 
physiologically negligible (in fact sheep placenta is an exception to the general rule). 
This lead to a general lack of understanding and acceptance of the results from the 
epidemiological and clinical studies in humans (reviewed by Obrego et al. 2000). It was 
only in the mid 1970´s that studies in mice (Calvo et. al 1990) brought back the 
importance of maternal thyroid hormone during early pregnancy to the “discussion 
table”. Many clinical and epidemiological studies were made since, in order to 
determine the effects of thyroid hormone deficit during brain development (Andersen 
2019; Bath et al. 2013; Korevaar et al. 2015) and a recently published meta-analysis 
concluded that maternal hypothyroxinaemia and subclinical hypothyroidism may be 
associated with intellectual disability in offspring (Thompson et al. 2018). Nevertheless, 
the molecular mechanisms involved in TH action during development remain elusive. 
This is most likely due to complex pathways of action (Bernal 2015; Cheng et al. 2010; 
Davis et al. 2016). Indeed the broad range of genes whose expression is modified by 
thyroid hormone status makes studying the effect of thyroid hormone action a daunting 
challenge (Yen et al. 2003).  
My PhD thesis aims at contributing to the understanding of the role of maternal thyroid 
hormones in neurogenesis during embryonic development. Zebrafish was selected as the 
model of choice. The introduction of the thesis is comprised of 4 major parts: 
1) TH axis and components of TH signalling in mammals and the zebrafish model. 
I will begin by out-lining the TH axis and characterize the main components of the 
genomic response from the moment TH reaches the target cell: cellular uptake, 
metabolism in cytosol by deiodinases and TH  receptors in the nucleus eliciting the 
genomic response.  
2) Zebrafish as a model for TH studies.  
The external and self-contained development of the zebrafish embryo, together with the 
known conservation of TH components to higher vertebrates brings advantages to the 




3) Supply of TH during neural development and diseases arising from 
developmental TH deficit.  
I will give an overview of TH supply during development and describe pathologies 
which may arise either by low TH supply or mutations in TH pathway components, 
with emphasis on Allan- Herndon-Dudley syndrome. 
4) Neurogenesis  in the vertebrate embryo and the known effect of TH on 
neurogenesis.  
I will go through the basic steps occurring during vertebrate neurogenesis, with 
emphasis on the early establishment of the neural plate and neural cell fate specification 
and connect with known actions of TH during neural development. 
1.1 TH SYNTHESIS AND REGULATION 
Thyroid hormones (TH), T4 (3,5,3',5'tetraiodo‑L‑thyronine) or thyroxine, and T3 
(3,5,3'tri‑iodo‑L‑thyronine) also known as tri‑iodothyronine, are iodinated amino acids 
produced and secreted by the thyroid gland. These hormones regulate many 
developmental and metabolic processes including brain development; regulation of the 
cardiovascular system, bone, and liver function; food intake; and energy expenditure 
(Bernal et al. 2015; Fekete & Lechan 2014).  
1.1.1 TH axis 
Circulating levels of TH are maintained within normal limits by feedback between the 
hypothalamic-pituitary-thyroid (HPT) axis. Cells in the hypothalamus respond to 
reduced circulatory T4/T3 levels by secreting thyrotropin-releasing-hormone (TRH). 
TRH binds to its receptor (TRH receptor) in thyrotrophic cells of the pituitary gland and 
stimulates the release of thyroid stimulating hormone (TSH) into the bloodstream which 
in turn binds to its receptor (TSH receptor) in the thyroid gland and stimulates the 
production of TH into the bloodstream (Fig. 1.1 A) . Thyroid gland is an endocrine 
organ mainly composed by follicular cells organized in polarized follicles (Fig. 1.1 B), 
this is the basic unit of the thyroid and is conserved across vertebrates. Here TH are 
synthesized through iodination of tyrosine residues in the glycoprotein thyroglobulin in 
the colloid of the thyroid follicle, with the main product being T4 and in much lower 
quantities T3. T4 is considered a pro-hormone as it has lower biological activity that T3, 




& Lechan 2014). TH are lipophilic and poorly soluble in water, due to this TH (99.7%) 
circulate bound to high and low affinity TH binding proteins (THBP) such as thyroxin 
binding protein (TBG), transthyretin (TTR), albumin and various lipoproteins. That 
serves to prolongs the half-life and slow the clearance of TH and provides a reservoir of 
rapidly available thyroxin in serum. The concentration of these binding proteins 
determines the free-fraction of TH available for cell uptake and contributes to the 
homeostatic control by the hypothalamic-pituitary thyroid axis (Schussler 2000).  
 
Figure 1.1- Thyroid hormone pathway and thyroid hormone synthesis. A- Scheme of 
thyroid hormone regulation and genomic action. The thyroid hormones, T4 and T3 are 
iodinated amino acids produced and secreted by the thyroid gland. This production is under 
regulation by thyroid stimulating hormone (TSH), secreted by the anterior pituitary in response 
to feedback from circulating thyroid hormones exerted in the hypothalamus. TH molecules enter 
target cells via membrane transporters and, depending on the cell type, can be activated (i.e., T4 
to T3 conversion) or inactivated (i.e., T3 to 3,3′-diiodo-L-thyronine or T4 to reverse T3 
conversion). These reactions are catalyzed by the deiodinases (D1, D2, D3). In TH genomic 
action, the biologically active hormone T3, binds to intracellular TH receptors (TR) and initiate 
TH signaling, that is, regulation of target genes. B – TH synthesis in the thyroid follicle. 
Circulating TSH binds directly on the TSH receptor (TSH-R) expressed on the thyroid follicular 
cell basolateral membrane. TH are synthesized through iodination of tyrosine residues in the 
glycoprotein thyroglobulin.  TSH regulates iodide uptake mediated by the sodium/iodide 
symporter, followed by a series of steps necessary for normal thyroid hormone synthesis and 
secretion. Adapted from  (Cohen-Lehman et al. 2010; Wilkinson & Imran 2019). 
The chemical structure of TH and their active derivatives is similar across vertebrates 
and the genes encoding key players of TH synthesis, distribution, cellular transport, 
metabolism and action have been conserved during vertebrate evolution (Opitz & 




feedback circuit ensuring adequate TH production is simplistic. In fact, it is a process 
characterized by highly fine-tuned systemic, organ and tissue-based, cellular, and 
subcellular network connections. This allows the control of adequate concentration of 
highly potent TH metabolites at the right location and right time (Opitz & Köhrle 2017). 
A consequence of this regulation is that TH signaling is unique for each cell (tissue or 
organ), depending on circulating TH levels, and on the portfolio of transporters, 
deiodinases and TH receptors present in each cell  (Bianco et al. 2019) . 
1.1.2 Membrane Transport proteins for TH 
For some time, it was assumed that the translocation of thyroid hormones through the 
plasma membrane of target cells was a process of simple diffusion, which was based on 
the belief that since thyroid hormones are lipophilic they easily traverse the lipid bilayer 
of cells. The driving force of the process was considered to be the concentration of the 
free hormone  (Hennemann et al. 2001; Robbins & Rall 1960). Later work showed that 
TH uptake by cells was saturable, energy and Na2+-dependent in a range of cell types.  
In fact plasma membrane translocation of thyroid hormones is now considered to be a 
regulated process that is rate limiting for subsequent intracellular accumulation, action, 
and fate of the hormone (Hennemann et al. 2001). This regulation is achieved by the 
presence in the cell membranes of transport proteins for TH (Table 1.1).  
Table 1.1- Tissue distribution of the main TH transporters from the MCT (MCT8 and 
MCT10), OATP (OATP1C1, OATP1A2, OATP1A4), and LAT (LAT1 and LAT2) family 
in human. Adapted from (Bernal et al. 2015; Kinne et al. 2011; Pizzagalli et al. 2002; Roth et 
al. 2012) 
Gene Protein Ligands Distribution in humans 
SLC16A2 MCT8 T3, T4, rT3, 3,3’-T2 
liver, kidney, brain, heart, skeletal muscle, 




intestine, kidney, liver, skeletal muscle, heart, 
placenta, pancreas 
SLCO1C1 OATP1C1 
Sulphates, T4, rT3, T3, 
ST4 
brain, testis, cochlea 
SLCO1A2 OATP1A2 Organic anions, T4 brain, liver, kidney, intestine 
SLCO4A1 OATP4A1 
Organic anions, T3, T4, 
rT3 
heart, placenta, lung, liver, skeletal muscle, 
kidney, pancreas 
SLC7A5 LAT1 
Aminoacids, T4, T3, 
rT3 
brain, spleen, placenta, testis, colon, kidney, 
intestine, stomach, ovary, thymus, tumours 
SLC7A8 LAT2 
Aminoacids, T4, T3, 
rT3 
kidney, placenta, brain, intestine, testis, ovary, 





These include monocarboxylate transporters (MCT), organic anion transporter 
polypeptides (OATP), large neutral amino acid transporters (LAT), sodium/taurocholate 
co-transporting poly peptide (NTCP) and the multidrug resistance-associated protein 
(MDR1). The majority of these membrane transport proteins interact with a diversity of 
ligands, namely amino acids, bile acids, or conjugated steroids and are termed 
secondary transporters. The exception is MCT8 (SLC16A2) and to a lesser extent 
MCT10 (SLC16A10) and OATP1C1 (SLCO1C1) that have TH and their derivatives as 
the main ligands (Bernal et al. 2015; Visser et al. 2011, Kinne et al. 2011).  
TH membrane transport proteins MCT8, MCT10, OATP1C1, as well as LAT1 and 
LAT2 belong to different subfamilies of a vast protein superfamily of membrane 
transport proteins, the major facilitator superfamily, MFS (Kinne et al. 2011).  
Sequence comparisons, location and function sensitive features for TH transport, 
revealed that transport sensitive charged amino acids residues are conserved within each 
subfamily of MFS but not in all putative TH transporters (Kinne et al. 2011). 
Suggesting membrane transport proteins acquired different mechanisms for recognition 
of iodinated TH substrates (Wirth et al. 2014). 
In humans distinct families of TH transporters, are expressed in the foetal brain from as 
early as 7–9 weeks gestation (OATP1A2, OATP1C1, OATP3A1.2, OATP4A1, LAT2, 
MCT8, MCT10, OATP3A1.1, LAT1) demonstrating their importance in brain 
development  (Chan et al. 2011). However, to our knowledge no studies were made at 
earlier stages to identify TH transporters before 7 weeks gestation.  
1.1.3 The MCT8 transporter  
Until now MCT8 is the only identified transporter with TH as the exclusive ligand, it 
mediates energy-independent bidirectional transport of L-iodothyronines across the 
plasma membrane. Human MCT8 was first cloned in 1994, the gene named solute 
carrier 16a2 is located on human chromosome Xq13.2, consists of 6 exons coding for a 
protein with 12 putative transmembrane domains, indicative of a transporter function, 
with C and N terminus having a cytoplasmic localization (Fig 1.2). MCT8 mRNA is 
highly expressed in liver, but also in heart, brain, placenta, lung, and kidney (Lafrenière 
et al. 1994). Its functional characterization and role as a very active and specific 
transporter of thyroid hormone was first established using rat MCT8  (rMCT8) 




Knowledge about MCT8 regulation is limited, it is known that thyroid state is not a 
modulator of MCT8 as such. But several studies in different species/tissues have 
incidentally reported on changes in Mct8 expression under certain conditions, such as 
age or disease, although the mechanisms and suitability of these responses remain to be 
elucidated (Visser et al. 2011). In mouse it was established that MCT8  has no 
constitutive activity (Iwayama et al. 2016). 
 
Figure 1.2 -  Crystal structure representation of human MCT8 transporter protein. A- 
Appearance of the hMCT8 protein domains, extracellular, membrane and cytosolic. The two 
charged amino acids Arg445 in blue (TMH8) and Asp498 in red (TMH10) thought to be 
responsible for TH transport are located in the central transmembrane part of the MCT8 and are 
conserved in zebrafish MCT8. B- Top view of the hMCT8 transporter with clipped extracellular 
loops, the arrangement of the helices to each other is visualized, Arg445 in blue (TMH8) and 
Asp498 in red (TMH10 are in close spatial distance, and they are flanking the potential channel 
for substrate-transport (light blue circle). Orientations of these residues are predestined for both 
helix justification and/or substrate binding. Arginine 445 and aspartate 498 are suggested to 
interact via H-bond (dotted line). Adapted from (Kinne et al. 2010). 
1.1.4 Membrane TH transporters in zebrafish 
In zebrafish several transporters have been characterized mct8, mct10 and oatp1c1. mct8  
(slc16a2) was the first thyroid hormone membrane transporter characterized in fish 
(Arjona et al. 2011). Zebrafish mct8 shares high sequence homology and an identical 
gene structure with human, mouse and rat SLC16A2. The high degree of conservation 
between the 12 transmembrane domains in zebrafish slc16a2 and its mammalian 
orthologs as well as the presence in the zebrafish sequence of the two amino acids that 
are critical in substrate recognition in human SLC16A2, Arg445 and Asp498 (Kinne et 




Zebrafish mct8 specifically transports T3 at physiological temperature (26ºC) and T3 
and T4 at human physiological temperature (37ºC) (Arjona et al. 2011).  
Recently, a comparative study regarding functional characteristics of the MCT8 
orthologues in human, mouse and zebrafish, deemed these last as eligible models for 
human MCT8 deficiency. Nevertheless this study revealed also dissimilarities, namely 
that zebrafish MCT8 substrate preference is: 3,3’-T2, T3>T4>rT3 and differed from 
human MCT8 and mouse MCT8: T3>T4>rT3, 3,3’-T2 (Groeneweg et al. 2019a). Of 
note is that this study was performed in mammalian cells at 37ºC, not the physiological 
temperature of zebrafish  which affects transport capabilities of zfMCT8, as seen 
previously (Arjona et al. 2011).   
Expression of mct8 in zebrafish is detected by RT-qPCR from 3hpf with expression 
increasing through larval stages peaking at 72-96hpf (Arjona et al. 2011, Walter et al. 
2019). By in situ hybridization (ish) at 10hpf and 12hpf mct8 it is ubiquitously detected 
in the embryo, while at 24hpf expression includes several regions of the brain, spinal 
cord and eyes. At 31 hpf expression of mct8 is detected in brain and spinal cord 
although more restricted to the lining of the first ventricle, midbrain-hindbrain boundary 
and eye. By 48hpf  and 72hpf mct8 was located in the brain with an increased 
expression in the vascular system (Campinho et al. 2014; Vatine et al. 2013). 
Tg(mct8:EGFP) fluorescent signal corroborated the data from ish,  and high resolution 
imaging revealed expression in choroid plexus cells and olfactory bulbs, sensory 
neurons and motor neurons and oligodendrocytes in 72hpf and 5dpf embryos (Vatine et 
al. 2013; Zada et al. 2014, 2016). In adult zebrafish expression detected by RT-qPCR 
was observed in brain, pancreas, liver, pituitary, heart, kidney and gut, a similar pattern 
of distribution as seen in human (see Table 1.1) (Arjona et al. 2011). The developmental 
modulation of mct8 expression suggest a role for mct8 in early stages of neural 
development. 
Interestingly while in other species thyroid state is apparently not a modulator of MCT8 
expression (Visser et al. 2011), in zebrafish treatment with T3 and T4 starting at 6hpf 
leads to an increase in mct8 expression at  72hpf and 120hpf (Walter et al. 2019), with a 
more substantial effect observed by T3 treatment.  
The expression patterns of mct10 and oatp1c1 genes were also described in zebrafish 




vascular structures, while mct10 mRNA was expressed in liver and trigeminal ganglia 
(Vatine et al., 2013). Nevertheless their expression by sc-RNAseq analysis was detected 
as early as 4hpf in whole embryo and 8hpf in neural tissue (Wagner et al. 2018). Lat1 
and Lat 2 are also present in zebrafish although they have only been described in adult 
animals (Takayama et al. 2018). The role of these molecules in TH transport in 
zebrafish has not been determined. 
1.1.5 Accessory molecules 
After TH enter the cells they bind to cytosolic binding proteins - lipid-binding proteins, 
these control intracellular transport of thyroid hormones and their intracellular 
concentrations (Vié et al. 1997). These molecules are not fully characterized, one of the 
few described is cytosolic m-crystallin (p38CTBP or CRYMG), T3 binds to it in the 
presence of NADPH, this allows for equal amounts of intracellular and intranuclear T3 
and promotes transcriptional activity of T3. CRYM is expressed in the cochlea and  
mutations in this gene are the cause congenital deafness through thyroid hormone 
binding properties (Oshima et al. 2006), with no other associated morbidity.  The 
presence of these intracellular accessory molecules gives yet another dimension of 
regulation to TH signalling and is another indicator of the specificity of TH action. 
1.1.6 Deiodinases  
Inside the cells TH are activated or inactivated by selenoenzymes - deiodinases. These 
enzymes play an essential role in vertebrate development by regulating local TH levels 
during crucial stages of embryonic development and in the maintenance of homeostatic 
levels of TH through the lifetime. Deiodinases are the TH regulatory element that 
provides greatest amplitude in dynamic control of TH signaling, cells expressing 
activating deiodinase D2 can rapidly enhance TH signaling due to intracellular buildup 
of T3, while TH signaling is dampened in cells that express the inactivating deiodinase 
D3. This explains how TH can regulate pathways in development, metabolism, and 
growth, despite rather stable levels in the circulation. As a result, the impact of the 
plasma thyroid hormones on target tissues and cells is variable (Bianco et al. 2019). 
 
To date, three deiodinases have been characterized that locally activate or inactivate TH 
(Fig. 1.3) and are therefore important mediators of TH action: deiodinase 1 (D1) 




generate T3, rT3 or T2 depending on the substrate; deiodinase 2 (D2) catalyses removal 
of an outer ring iodine atom from the prohormone T4 to generate the active product T3; 
deiodinase 3 (D3) inactivates T3, by catalysing removal of an inner ring iodine to 
generate 3,3’-diiodothyronine (T2) or prevents T4 action by removal of an inner ring 
iodine generating 3,3’,5’-triiodothyronine (reverse T3) (reviewed in: Bianco et al. 2002; 
Bianco & Conceição 2018). 
 
During development in mammals deiodinases are expressed in a range of tissues, D2 
has an established role in cochlea (Ng et al. 2004), bone (Bassett et al. 2010), brown 
adipose tissue (BAT) (Hall et al. 2010) and liver (Fonseca et al. 2015) development. 
Embryonic tissues express high levels of D3, and the timed and tissue-specific reduction 
of D3 during development coordinated with the slow increase in D2 activity provide 
tighter control of thyroid hormone action (Bianco et al. 2002). D3 also plays a role in 
pancreatic islet function and glucose homeostasis (Medina et al. 2011, 2014). D2 may 
Figure 1.3 - Comparison between zebrafish deiodination pathways to known human 





be expressed in the TH target cells themselves (autocrine action) or in neighbouring 
cells (paracrine action) (Groeneweg et al. 2017b).  
No diseases related to deiodinase mutations have been so far detected in human, 
nonetheless some human genetic linkage studies of polymorphisms in D2 have shown 
an association with obesity and diabetes (Dora et al. 2010; Estivalet et al. 2011). D2 KO 
mice exhibited an altered TH status and slight alterations in motor  phenotype (Bárez-
López et al. 2014; Schneider et al. 2001), while D3 KO mice exhibit severe 
abnormalities related to development and reproduction due to severe central 
hypothyroidism  (Hernandez et al. 2006). D1 KO mice showed no apparent phenotype, 
but data pointed to  D1 being essential to control TH homeostasis in pathological 
conditions such as iodine deficiency and hyperthyroidism  (Schneider et al. 2006). 
1.1.7 Deiodinases in Zebrafish 
In zebrafish 4 deiodinases exist, D1, D2, and 2 isoforms of D3, coded by dio3a and 
dio3b where dio3b shows a higher contribution to D3 activity during embryonic 
development. Studies of deiodinase activity in zebrafish revealed important differences 
between mammalian and zebrafish deiodinase enzymes (Fig. 1.3), these include outer-
ring deiodination of rT3 by D3a. In addition, under the conditions tested, zebrafish D1 
differed from its mammalian orthologue by showing minimal ability to outer-ring 
deiodinate T4 or to inner-ring deiodinate T3, suggesting that during evolution, zebrafish 
D1 lost its classical function. So it seems that D2 is the primary activator of T4 and 
D3a/D3b the main inactivators of T3  in the zebrafish (Guo et al. 2014; Heijlen et al. 
2014). 
The expression of dio2 detected by in situ hybridization in zebrafish begins in the 
pituitary and retina after 24hph and by 48hpf the expression field as increased to spinal 
cord and in juvenile stages  expression seems to be restricted to the pituitary and swim 
bladder (Heijlen et al. 2013; Thisse et al. 2003; Marelli et al. 2017). Data regarding the 
timing of initial expression of dio2 is conflicting, results from RT-qPCR describe the 
first expression ranging from  8hpf to 28hpf (Heijlen et al. 2013; Walter et al. 2019; 
White et al. 2017). Expression dio3a is detectable in brain at 24 hpf and pronephric 
tubules at 48 hpf. dio3b is expressed in brain and pronephros at 24 and 48 hpf (Marelli 
et al. 2017; Guo et al. 2014), and in liver and brain at 5dpf (Guo et al. 2014). By RT-




expression at 24hpf (Walter et al. 2019). dio1 expression is more ilusive but was 
described using ish as present in the pronephric tubules from 12hpf onwards and also in 
the brain at 24hpf (Dong et al. 2013) and in the kidney at 48hpf (Vatine et al. 2013).  
By RT-qPCR its initial expression was established at 12hpf (Walter et al. 2019). The 
unavailability of specific antibodies for immunohistochemistry in zebrafish makes the 
location of these enzymes in time and space a difficult task. 
1.1.8 TH Receptors 
TH actions dependent on the cellular responses mediated by their interaction with 
several receptors expressed in a cell- and tissue-specific manner. In target cells TH 
prompt genomic responses mediated by DNA-binding nuclear thyroid hormone 
receptors (TR) or non-genomic responses by alternative non-nuclear receptors (Davis et 
al. 2016; Stepien & Huttner 2019). T3 is the active form of the hormone capable of 
binding to nuclear receptors, ultimately guiding TH-dependent expression of hundreds 
of genes only in neural cells (Chatonnet et al. 2013, 2015). Nonetheless it was recently 
demonstrated  direct T4 binding to TR, although with about 10 times lower affinity, 
originating biologically significant effects (Gil-Ibáñez et al. 2017). 
Nuclear TH receptors are encoded by two related genes, thyroid hormone receptor a 
(TRA), originating TRα, and thyroid hormone receptor b (TRB), originating TRβ. In 
mammals these genes undergo alternative splicing and have alternative promoters, 
resulting in different isoforms which vary in their ability to bind target DNA sites, 
ligand binding, and co- factor recruitment (Flamant et al. 2006, Cheng et al. 2010).  
TR are members of the nuclear hormone receptors type II superfamily and serve as 
transcription factors, which bind to specific sites of target DNA, so-called TH response 
elements (TRE). They exert their transcriptional role in the absence or presence of the 
hormone and recruit corepressor or coactivator complexes. A schematic diagram 
mammalian TR isoforms and TRE binding motifs can be seen in Figure 1.4 (Cheng et 
al. 2010).  
The isoforms which mediate the genomic effects of TH are TRα1 and β1-3, they retain 
both DNA and ligand binding capacity and localize to the nucleus (TRβ3 is rat-specific) 
(Williams 2000). The remaining  isoforms act as dominant-negative regulators or have 





TR are expressed in the developing brain in mammals even before foetal thyroid gland 
maturation and production of TH (Chan et al. 2002). TRα is the major form expressed, 
while TRβ surges during the perinatal period and is more abundant in specific neuronal 
type cells, with TRβ1 and TRβ2 being necessary for cochlea and retina development 
(Bradley et al. 1992; Jones et al. 2003). TRα1 and TRβ1 intrinsic properties contributes 
in a large part to the divergent evolution of the receptors function, at least during 
neurodevelopment (Chatonnet et al. 2013). 
Figure 1.4 - A - Schematic representation of TR isoforms. TRs are encoded by the TRα and 
TRβ genes located on different chromosomes. Alternative splicing of primary transcripts gives 
rise to four thyroid hormone binding isoforms. TRs share high sequence homology in the DNA 
binding domain C (solid bar) and the hormone binding domain D/E (open bar). The amino-
terminal A/B domains are variable in length and amino acid sequence as indicated by different 
symbols. The amino acids of the truncated TRs (TRΔβ3, TRΔα1, and TRΔα2) at the amino and 
carboxy termini are indicated by numbers. B - The DNA sequence (a) and the arrangement (b) 
of the TRE half-site binding motifs. The Lys TRE was identified in the promoter of lysozyme 
gene. DR+4 TRE represents the direct repeat separated by four nucleotides. Pal is TRE half-site 




Similar to other members of the receptor superfamily, TRs consist of single polypeptide 
chains with modular functional domains (Fig. 1.4). The amino-terminal A/B domains 
vary among TR isoforms that are involved in transcription regulation. Located centrally 
in the molecules is the highly conserved DNA-binding domain that interacts with 
thyroid hormone response elements (TREs) of T3 target genes (Cheng et al. 2010). 
The carboxyl-terminal ligand- binding domain (LBD) shares high sequence homology 
among TR isoforms that assume multifunctions. LBD binds thyroid hormones but also 
interacts with a host of coregulators (corepressors and coactivators CoAs) and is also 
involved in homodimerization of DNA-bound TRs and their heterodimerization with 
the retinoid X receptors (RXRs). To affect transcription of target genes TRs bind DNA 
as either homodimers or heterodimers with retinoid-X-receptors and recognize TH 
response elements (TREs) in promoter regions of regulated genes. In the absence of TH, 
TR can bind DNA as aporeceptors, which represses target gene transcription by 
recruiting corepressor complexes with histone deacetylase activity. T3 binding to these 
complex lifts this repression and leads to recruitment of coactivators and histone 
acetylates, which assist in the access of transcription apparatus to the promoter regions 
and allow gene transcription. Some genes can also be repressed by TR with bound TH 
(Bernal 2007, 2015; Cheng et al. 2010; Hashimoto et al. 2001).  
TREs present in T3-activated promoters are known as ‘positive’ TREs, while TREs 
present in the promoters inhibited by this hormone are considered ‘negative’. 
Consensus, ideal ‘positive’ TREs consist of two AGGT(C/A)A hexamers separated by 
four neutral base pairs (direct repeat TRE-DR4). These hexamers can also be arranged 
as inverted palindromes separated by six neutral base pairs (TRE-IP6), or as 
palindromes with no additional base pairs (TRE-P0) (Fig. 1.4)  (Leng et al. 1994; 
Schrader & Carlberg 1994). 
1.1.9 TH receptors in zebrafish 
TR protein structure is very conserved between vertebrate species, especially the DNA 
and ligand binding domains, with zebrafish and human receptors sharing 95% identity 
(Marelli et al. 2017b). Zebrafish has three TR genes that encode five T3-binding 
isoforms (Fig. 1.5), the thraa gene gives raise two functional isoforms (zTRa1S and 
zTRa1L) that differ for 14 aminoacids at the C-terminus of the LBD. The second alpha 




of the transactivation domain. The thrb gene produces functional TRbeta-1 isoforms 
that differ for a 9-aminoacid insert into the LBD (**) and one beta-2 (zTRb2) isoform 
(Marelli et al. 2016). 
 
Figure 1.5 - Zebrafish TR gene structure and isoforms. TAD: transactivation domain; DBD: 
DNA binding domain; HR: hinge region; LBD: ligand binding domain; (*) C-terminus of the 
LBD, aa insert into the LBD (**).  From (Marelli et al. 2016). 
The observation that the amino acids responsible for heterodimer formation and 
interaction with co-activators and co-repressors are conserved in the zebrafish 
demonstrates that the mechanisms of transcriptional regulation by the zebrafish THRA 
are similar to other vertebrates (Essner et al. 1997).  
Both thraa and thrb are detected by RT-qPCR in 1hpf embryos, demonstrating being 
maternally derived transcripts (since zygotic transcription only starts at 3hpf), and 
respond to exogenous TH (Liu & Chan 2002). Up until 6hpf transcript levels decreased 
to almost undetectable levels at 8hpf, with expression increasing at 24hpf and 
maintaining similar levels until 5dpf (Marelli et al. 2016; White et al. 2017).  
The thrab gene follows a similar pattern except it is only detected at 2.25hpf  with 
expression decreasing to undetectable levels at 5hpf and being again increasing to low 
levels at 10-12hpf and from 12hpf onwards reaching higher expression levels only at 
36hpf (White et al. 2017). Expression patterns of these receptors differ not only 
temporally but also spatially, thraa at 24hpf is expressed in the eye, brain, spinal cord 
and otic capsule, at 48hpf the expression is increased and by 5dpf expression in 
gastrointestinal tract is also observed (Campinho et al. 2014; Marelli et al. 2016). thrab 
expression is noticeable throughout the neural epithelia at 12hpf and by 24hpf and 




embryonic thrb is first seen at 31hpf in eye and brain and by 48 hpf expression at higher 
levels is apparent in brain, eyes and pituitary, and otic vesicle and jaw cartilages at 5dpf 
(Campinho et al. 2014; Marelli et al. 2016). The expression data obtained with qRT-
PCR and whole mount in situ hybridization (WISH) in embryos and adult tissues 
confirm that the zebrafish TRs are expressed in a spatio-temporal divergent pattern and 
that thraa is more widely distributed. In adult zebrafish thraa is predominantly 
expressed in brain, heart, pronephros and gastrointestinal tract, whereas thrb is 
specifically expressed in the pituitary, eyes and otic vesicle (Bertrand et al. 2007; 
Houbrechts et al. 2016; Marelli et al. 2016). 
Recently the results of a study using mutant THR in zebrafish was published and 
revealed a isoform- specific mediated regulation of early gene expression at 9hpf and a 
clear loss of symmetry and laterality in 24hpf mutant embryos (Lazcano et al. 2019). 
 
1.2 ZEBRAFISH AS MODEL FOR TH RESEARCH 
The importance of TH in neural development is established, however there are still 
significant gaps in the understanding of the mechanisms, timing and context of TH 
action in order to  initiate and orchestrate specific developmental processes (Opitz & 
Köhrle 2017). The use of animal models provides evidence of the mechanisms giving 
rise to the phenotypes observed in humans and helps to clarify the role and action of TH 
in brain development.  
The study of the role of thyroid hormones in development has been done mainly in 
rodent models where molecular mechanisms and behavioural changes have been 
characterized (Ahmed et al. 2008; Calvo et al. 1990; Morte et al. 2010; Strobl et al. 
2016). On the other hand human studies have been mainly observational, focusing on 
broad cognitive measurements (Andersen 2019; Bath et al. 2013; Escobar et al. 2000; 
Rovet 2012).  Rodents have been the leading resource in modelling human diseases, 
primarily because of the striking homology between mammalian genomes (Brown & 
Hancock 2006) and the many similarities from anatomy to cell biology and physiology 
(Morse 2007). However, study of TH action on early brain development in mammals is 
difficult because of the inaccessibility of the foetal brain and the difficulty to 
discriminate between the maternal and foetal TH contributions, given the compensatory 
mechanisms put in place when the thyroid status of the embryo is challenged. Studies in 




2015; Gil-Ibañez et al. 2015; Gil-Ibáñez et al. 2014; Morte et al. 2018; Vatine et al. 
2017), which in one way helps to study more discrete actions but lacks organismal 
context, so important in TH regulation. By contrast, the external development of 
oviparous species, such as zebrafish brings technical advantages, allowing manipulation 
and monitoring of TH effects on all cell types by using transgenic embryos, and in vivo 
observation of morphological changes occurring during development, especially during 
early stages, when mammalian embryos are not available. 
Zebrafish (Danio rerio), an established mainstream animal model in developmental 
biology and their biological characteristics (Table 1.2), has driven its use in biomedical 
research, allowing for the establishment of proof of concept models for vertebrate 
development and disease (Lieschke & Currie 2007; Varga et al. 2018). Nevertheless, 
obvious physiological differences exist which may affect the phenotypic outcome 
(Table 1.2), but this is true with every biological model, from sheep to rodents, fly or 
cell lines.  
Table 1.2 – Comparative zebrafish biology for modelling human disease. Excerpt - Adapted 
from (Lieschke & Currie 2007). 




Stages and processes of cleavage, early 
patterning, gastrulation, somitogenesis, 
organogenesis are all represented 
Very rapid; non-placental, occurs ex 
vivo; involves hatching influence of 




Representative anatomy: fore-, mid- and 
hind-brain,I ncluding diencephalon, 
telencephalon and cerebellum; peripheral 
nervous system with motor and sensory 
components; enteric and autonomic nervous 
systems; specialized sensory organs: eye, 
olfactory system and ear; exhibit ‘higher’ 
behaviours and integrated neural function: 
memory, conditioned responses and social 
behaviours (for example, schooling) 
Telencephalon has only a 
rudimentary cortex; fish-specific 
sensory organs, such as the lateral 
line; fish behaviours and cognitive 
function are abstracted or simplified 




Diploid; essentially contains the full 
vertebrate repertoire of genes 
Gene duplication resulting from 
ancestral whole-genome structure 





Most endocrine systems represented, such 
as, hypothalamic-hypophyseal axis 
(glucocorticoids, growth hormone, thyroid 
hormone, prolactin), parathyroid hormone, 
insulin and renin 
Differences in anatomical 
distribution of glands, for example, 
discrete parathyroid glands do not 
seem to be present; prolactin has a 
primary role in osmoregulation 
High concentrations  of maternally deposited TH have been found in fish eggs (Chang 




freshwater fish, like zebrafish, possess higher T4 levels and saltwater fish higher T3 
levels T4 and T3 decrease during development suggesting a role for TH during 
development (Tagawa et al. 1990; Yamano 2005). Also  present in unfertilized eggs are 
many transcripts of components of thyroid axis (Vergauwen et al. 2018; White et al. 
2017), indicating the need for these components in early development, as demonstrated 
in higher vertebrates. Virtually all known components of the thyroid axis have been 
characterized in zebrafish and these are structurally and functionally comparable with 
higher vertebrates (Blanton & Specker 2007; Porazzi et al. 2009).  
As a small and genetically tractable animal model, zebrafish allows the conduct of 
pharmaceutical and reverse genetic screens to identify new regulators of local TH 
actions (Lazcano et al. 2019; Marelli et al. 2017b; Zada et al. 2016). Also in the 
ontogeny mechanisms of thyroid gland development and the role of transporters, 
deiodinases and THR (Campinho et al. 2014; De Vrieze et al. 2014; Marelli et al. 
2017a; Marelli & Persani 2017; Porazzi et al. 2009; Vatine et al. 2013). Zebrafish has 
been particularly used in the screening of thyroid disrupting chemicals (Jarque & Piña 
2014; Li et al. 2019; Opitz et al. 2013; Walter et al. 2019). Table 1.3 lists some of the 
existent zebrafish models for the study of TH pathway components and TH associated 
diseases.  
Table 1.3- Zebrafish models of thyroid hormone action. KD – Knockdown. KO - Knockout. Tg 
- Transgene. 
gene tech ref 
D1/D2 KD (Bagci et al. 2015) 
D2 KO (Houbrechts et al. 2016) 
D3a KD (Guo et al. 2014; Heijlen et al. 2014) 
D3b KD (Guo et al. 2014; Heijlen et al. 2014) 
THRaa KD (Marelli et al. 2016) 
THRaa KO (Lazcano et al. 2019) 
THRb KD (Marelli et al. 2016) 
THRb KO (Lazcano et al. 2019) 
MCT8 KD (Campinho et al. 2014; De Vrieze et al. 2014; Vatine et al. 2013) 
MCT8 KO (Zada et al. 2014) 
MCT8 Tg (MCT8):EGFP (Vatine et al. 2013; Zada et al. 2014) 
Other animal models with external development have been used  although with less 
technical advantages, the chicken  and the xenopus (Reviewed in Sachs & Buchholz 




1.3 TH SUPPLY DURING DEVELOPMENT  
Clinical and experimental studies in mammals have demonstrated that TH are essential 
for normal brain development, and that the timing and severity of TH insufficiency 
predicts the type and severity of the neurological deficits (Zoeller & Rovet 2004). 
Epidemiological and experimental data show that first trimester maternal thyroid status 
is pivotal for the neuropsychomotor development of the offspring (Andersen 2019; 
Andersen et al. 2015; Bath et al. 2013; Escobar et al. 2000; Korevaar et al. 2015). In 
humans, TH are present in the foetal exocoelomic cavity and tissues at 5-6 weeks of 
embryo development, early in the first trimester, long before foetal TH production 
begins. Exocoelomic cavity is the site of important molecular exchanges between the 
mother and the foetus, it works as a physiological liquid extension of the early placenta 
that may act as a reservoir for nutrients needed by the developing foetus (Calvo et al. 
2002; Cindrova-Davies et al. 2017). Total levels of TH in foetal fluids are 100 fold 
lower than maternal levels, nevertheless the proportion of free-T4 is much higher in the 
foetus reaching about a third of maternal levels in circulation (Calvo et al. 2002; 
Contempre et al. 1993).  Throughout gestation, T4 and free T4 (fT4) levels in the foetal 
circulation steadily increase and reach adult levels towards the beginning of the third 
trimester, whereas T3 and free T3 (fT3) levels remain low during foetal life and show a 
surge at term (Thorpe-Beeston et al. 1991). 
Early in pregnancy, TH and other elements can access the embryo CNS directly from 
the ceolomic and amniotic fluid. From 11–12 gestational weeks onward, maternal 
nutrients, including thyroid hormone, are transferred via the placenta directly into the 
foetal circulation (Contempre et al. 1993; Calvo et al. 2002). During weeks 17–20, TH 
enter the brain either through the blood brain barrier (BBB) of the developing 
vasculature or the choroid plexus and cerebrospinal fluid (system CSF). Endothelial 
cells of both the brain capillaries and the choroid plexus express transporters and 
deiodinases controlling TH levels entering the brain (López-Espíndola et al. 2019; 
Wirth et al. 2014). Before the onset of foetal thyroid function at 18-20 weeks (mid 
gestation), the foetus is completely dependent on maternal TH supply, but there is still a 
significant contribution of TH from the mother that persists during the second half of 
gestation (Vulsma et al. 1989). It was also established that the biologic half-life of 




thyroid status on TH levels in the offspring, due to the short time span maternal TH has 
in foetal circulation. In order to cope with the supply of extra TH, maternal TH 
production needs to increase about 50% and iodine intake 100% in order to compensate 
for its increased renal clearance and transfer to the foetus (Moleti et al. 2014).  
1.3.1 TH deficiency during neural development 
The effect of TH in the very early developmental process of neurulation has not been 
demonstrated. Most probably because of this, TH deficiency during development does 
not cause major changes in the anatomy of the brain, nevertheless TH importantly 
regulate the processes involved in the formation of the cytoarchitecture of the brain, 
such as proliferation, migration and myelination (Bernal & Nunez 1995; Escobar et al. 
2000). TH is also involved in the formation of specific brain structures during human 
embryonic and foetal development (Fig. 1.6) as the cortex, cochlea, hippocampus and 
cerebellum (Williams 2008). 
 
Figure 1.6 - Relationship between thyroid hormones action and development of the brain 
in humans. In the first trimester of pregnancy early neuronal proliferation and migration is 
dependent on maternal T4. In fetal tissues, inactivating D3 expression decreases, and 
development of the thyroid gland commences. By the end of the first trimester, development of 
the hypothalamic-pituitary axis has occurred and a surge in TSH secretion results in the onset of 




development of the brain in the second and third trimesters relies increasingly on T4 of foetal 
and maternal origins. Continued post-natal development is entirely dependent on neonatal TH 
production. Adapted from (Williams 2008). 
The lack of appropriate levels of TH during development give rise to developmental 
hypothyroidism. In humans, TH availability and action at critical prenatal stages may 
result in permanent and irreversible brain damage unless adequate treatment is 
undertaken. The outcomes of different types of developmental hypothyroidism can go 
from a mild decrease in IQ, to the inability to walk or speak when hypothyroidism is 
severe and persists throughout development (Table 1.4). 
The consequence of severe iodine deficiency during development, leads to low 
circulating TH and originates the syndrome known as cretinism. This can be divided in 
2 forms depending on the symptoms: neurological, where the thyroid gland is normal, 
and there are no signs of hypothyroidism, there is however severe mental retardation, 
deaf mutism and a striato-pallidal disorder with spastic diplegia affecting the legs; and 
myxedematous, where patients present hypothyroidism, short stature, poor sexual 
development, and craniofacial abnormalities. 
Table 1.4 - Causes of thyroid hormone deficits during development. 
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2000) 
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Foetal. Lack of MTH 
supplementation  
Neonatal Mild psychomotor 
impairment 
(LaFranchi 1999) 




? Deafness, growth 
impairment, Neurological 
(Bernal 2015) 










(Friesema et al. 
2004; Stromme et 
al. 2018) 
 
In myxedematous cretins a minority of cases present mental retardation but not as 




a combination of the two forms is frequently observed. These forms are thought to arise 
from different timings of TH deficiency onset (Bernal 2015; Chen & Hetzel 2010).  
Hypothyroidism during pregnancy affects 2.5% of women worldwide (Vanderpump 
2011).  Since maternal supply is the only source of TH during the first trimester there is 
decreased availability of TH to the developing foetus, resulting in a range of phenotypes 
which depend on the severity of maternal TH insufficiency (Escobar et al. 2000). Even 
mildly deficient levels of TH in mothers have been associated with irreversible 
neurological disorders in the offspring (Korevaar et al. 2015). 
Congenital hypothyroidism is one of the most common disorders related to mental 
impairment and growth retardation in newborns (1 in 3500–4000 births) if not treated 
promptly (Büyükgebiz, 2013). Given the proven importance of thyroid hormone in 
development and intellectual achievement, screening for neonatal hypothyroidism and 
treatment began to be implemented in 1972 (Fisher et. al, 1979). Infants born 
prematurely loose maternal TH before their own glands reached full maturity are not 
able to produce the proper TH quantities, so they exhibit low TH levels (LaFranchi 
1999).  
Mutations of TRB gene are the cause of 85% Resistance to Thyroid Hormone disorders 
(RTH). These patients have disabilities, reduced IQ, and increased incidence of 
Attention Deficit and Hyperactivity Disorder (ADHD). TRA mutations have recently 
been described, with TRα1 mutant proteins displaying strong dominant negative 
activity. These patients suffer from growth retardation, delayed bone development, 
severe constipation, and mild cognitive deficits, with minimal alterations of circulating 
thyroid hormones (Bernal 2015). 
Supplementation of infants with congenital hypothyroidism with TH at birth allows 
them to reach near-normal intellectual development  (LaFranchi 1999). The same does 
not occur in neurological cretins, because the endemic hypothyroidism, affecting their 
mothers, did not allow them to have the sufficient supply of maternal TH to support 
normal neurological development (Zimmermann 2012). This discrepancy in outcomes 





1.3.2 The Allan-Herdnon-Dudley Syndrome (AHDS)  
The importance of the TH transporter, monocarboxylate transporter 8 (MCT8), to 
human neurodevelopment is highlighted by findings of severe global neurological 
impairment in subjects with Allan-Herdnon-Dudley-Syndrome (AHDS). More so due to 
the fact that the variability of mutations gives rise to a range of phenotypes, relating to 
the efficiency of transport of TH (Heuer et al., 2005; Visser & Visser, 2012; Boccone et 
al. , 2013; Matheus et al., 2015; Azzolini et al. 2014; Novara et al. 2016; Rodrigues et 
al. 2014). Mutations may impair the function of TH transporters, which in turn may 
dampen cellular uptake of TH and consequently TH signalling in cells that depend 
(mostly) on a specific transporter. Although this is a rare condition due to redundancy of 
transporter molecules, it occurs in carriers of MCT8 and OATP1C1 gene mutations 
(Bianco et al. 2019). MCT8 and OATP1C1 transporters are expressed in the blood brain 
barrier (BBB) and blood-cerebrospinal fluid barrier (BCSFB) in the foetal and adult 
human brain. MCT8 is abundant in both barriers and OATP1C1 is high in the BCSFB 
but very low in the BBB. In foetal stage both transporters have also been localized in 
ependymal cells, tanycytes and neurons and MCT8 has also been detected in cells of the 
proliferative areas of the brain, the ventricular (VZ) and subventricular (SVZ) zones. 
(Chan et al. 2014; López-Espíndola et al. 2019).   
Carriers of MCT8 (SLC16A2) mutations display a characteristic phenotype (Table 1.5), 
However a recent report shows patients carrying milder mutations have a more 
moderate phenotype consisting of cognitive impairment, hypotonia, preserved walking 
with spasticity and/or hyperreflexia, and presenting some language and learning 
abilities, reviewed in (Remerand et al. 2019). 
Table 1.5 – Phenotypes related to MCT8 mutations in humans (Groeneweg et al. 2017b). 
Neurological 
findings 
Central hypotonia  
(poor head control)  
Peripheral 
hypotonia / dystonia, 
spasticity 
 
Mobility Mostly absent   
Speech Mostly absent   
Brain MRI 
Hypomyelination, persisting 




Severely affected   
Physical Very low body weight Low muscle mass Acquired microcephaly 
Serum thyroid 
function tests 




The pathogenesis of the AHDS is incompletely understood, but the current model is that 
with MCT8 being expressed in the blood-brain-barrier (BBB), in the choroid plexus 
(blood-brain-spinal fluid interface), and in neuronal cells (Roberts et al. 2008) the 
supply of TH into the brain is compromised, and AHDS patient’s brain remains in a 
hypothyroid state, while in other tissues (muscles, heart, skin, bones, bowel), clinical 
signs suggest decreased thyroid hormone availability with slight peripheral 
dysthyroidism (Remerand et al. 2019; Visser & Visser 2012).  
Histological analysis of MCT8 deficient foetuses and child brains, revealed generalized 
signs of delayed brain maturation, hypomyelination, altered neuronal differentiation, 
and deficient synaptogenesis accompanied. T4, T3, and rT3 concentrations in the 
cerebral cortex were reduced by 50%  while peripheral levels were normal (López-
Espíndola et al. 2014), emphasising the importance of MCT8 for the uptake of TH  by 
the brain and consequently the neurological hypothyroidism phenotype.  
It was recently reported in human an OATP1C1 deficiency, arising from a missense 
mutation, changing the highly conserved aspartic acid 252 to asparagine (D252N). In 
vitro, the mutated OATP1C1 displays impaired plasma membrane localization and 
decreased cellular T4 uptake, resulting in patient brain-specific hypothyroidism and 
neurodegeneration (Stromme et al. 2018). The phenotype differs substantially from 
ADHS patients and reiterates the fact that in humans the compensatory mechanisms 
between MCT8 and OATP1C1 observed in rat (Mayerl et al. 2014; Trajkovic et al. 
2007) are not so evident. This probably arises from the fact that specific transporters are 
expressed in specific cells at specific time points in development, and it also reflects the 
specificity and preferred ligands of each transporter.  
1.3.3 Treatments for AHDS 
An effort to find a treatment for AHDS is being made, with the approaches being rescue 
of the mutant MCT8 transporter or overcome the need for MCT8 by supplying TH 
analogues with thyromimetic  effects (Groeneweg et al. 2017a). Recently, a clinical trial 
using Triac (a naturally occurring T3 metabolite with similar bioactivity and receptor 
binding profile which overcomes the need for TH MCT8 transport) in AHDS patients 
proved to be a good strategy to ameliorate the consequences of peripheral 
thyrotoxicosis. Thyroid parameters in circulation were restored to normal levels, 




2019b). Most likely due to the irreversible damages caused by lack of TH during 
development.  Other alternative treatments in study for milder mutations of MCT8 are 
the use of chemical chaperones, such as NaPB and ginestein, which stabilize mutant 
MCT8 proteins recovering their stability and consequently increase the efficiency of TH 
transport (Braun & Schweizer 2016). Blood-brain-barrier targeted gene therapy using 
zebrafish as a model, by expression of a functional MCT8 is another alternative 
treatment in study (Zada et al. 2016), which showed to rescue the hypomyelination 
phenotype. 
1.3.4 Zebrafish as a model for AHDS 
Zebrafish has been established as a model for AHDS study (Campinho et al. 2014; De 
Vrieze et al. 2014; Vatine et al. 2013; Zada et al. 2014), knock down of mct8 
transporter (MCT8KD), prevents the uptake of maternal TH from the yolk into the cells 
expressing MCT8, originating a model where  the action of MTH through MCT8 can be 
examined, without major compensatory mechanisms – as maternal TH compensation or 
increased uptake by other transporters, as occurs in the mouse (Mayerl et al. 2014; 
Trajkovic et al. 2007). The zebrafish MCT8KD phenocopies the locomotor 
consequences of AHDS observed in humans, such as deformed body and impaired 
mobility. Furthermore, the blood brain barrier shows delayed/incomplete development 
and the expression of specific neural genes is altered with less inhibitory spinal cord 
interneurons and increased  motorneurons (Campinho et al. 2014). This model as the 
disadvantage of being transitory, as morpholino degrades after 48hpf, and so 
transcription of mct8 is restored in the larvae. Nevertheless, the MCT8 knock-down 
could be a good model to study which defects, caused by lack of MTH entering via 
MCT8, can be rescued by a later supply of TH.  This could help elucidate some of the 
irreversible effects showed by TH deficient patients. Although the high capacity of 
zebrafish to regenerate tissues/organs has to be taken into consideration. 
Zebrafish MCT8 knock out model (MCT8KO) (Zada et al. 2014) demonstrated altered 
thyroid parameters and altered neuronal development, but the general morphology was 
normal and the larvae were viable and fertile, showing a milder phenotype, maybe due 
to compensatory network which buffers deleterious mutations, which does not occur 
when using translational or transcriptional knockdown (Rossi et al. 2015). Nevertheless, 




alterations in synaptic formation and plasticity at the neuromuscular junction.  The 
permanent nature of the knock out also allows for the study of alternate mechanisms of 
thyroid hormone compensation by the use of TH analogues which may enter the brain 
through different pathways (Visser & Visser 2012; Zada et al. 2016). 
 
In summary, the timing and degree of TH insufficiency during development produces 
differential effects on neuropsychological and developmental outcomes and the degree 
of TH insufficiency increases the risk of clinical severity.  
1.4 NEUROGENESIS IN VERTEBRATES 
To understand the role of TH during development of the CNS it is essential to know the 
neurogenic events taking place. Development of the central nervous system (CNS) in 
vertebrates is a process that spans a lifetime, starting early in embryonic development. It 
is a complex process that needs the orchestration of a series of cellular events, internal 
and external cues in a precise temporal and spatial way, in order to generate the multiple 
neuronal and glial cell types needed for proper function.  
The formation of the vertebrate nervous system is initiated at gastrula stages of 
development, when signals from the organizer trigger neural development in the 
ectoderm (Weinstein & Hemmati-Brivanlou 1999). During gastrulation, cells ingress 
from the surface ectoderm into the interior of the embryo to give rise to the mesodermal 
and endodermal germ layers. In vertebrates, ingression can occur through a blastopore 
(as in amphibians), around and through an embryonic shield (in teleosts), or through a 
primitive streak (in amniotes: reptiles, birds, mammals) (Stern 2005).  
Neural induction is the first step of central nervous system (CNS) development, where 
embryonic ectodermal cells are specified towards a more restricted neuroectodermal 
fate, thus giving rise to the neural plate. This event is under the regulation of complex 
interactions between extrinsic signalling factors, such as members of the bone 
morphogenetic protein (BMP), wingless-integrated (Wnt) and fibroblast growth factor 
(FGF) families (Fig.1.7 A), and the intrinsic transcription factor program, most 
importantly members of the SRY-box containing genes B1 (SoxB1) family. The current 
model of neural induction is the “default model” of neural induction established in the 




into neural tissue, which is inhibited by BMPs (in particular, BMP4, which acts as an 
epidermal inducer) (Hemmati-Brivanlou & Meltont 1997).  
By the end of gastrulation, the responsiveness of ectoderm to neural induction ceases 
and the neural plate is established. The neural plate is then a pseudostratified epithelium 
formed by neuroepithelial cells (neural stem cells) that have apical basal polarity and 
form a pseudostratified epithelium. These cells undergo symmetric proliferative 
divisions, allowing them to increase in number.  At this point the formation of the 
neural tube - neurulation, begins by a series of steps  (Fig. 1.7 A) including 
columnarization of the ectoderm to form the neural plate, thickening of the edges of the 
neural plate to form the neural folds, convergent extension of the neural plate that 
assists bending to form the neural groove and also elongates the future neural tube, and 
closure of the groove to form the neural tube (Colas & Schoenwolf 2001). Concomitant 
with neurulation neuroepithelial cells will divide asymmetrically, originating a daughter 
stem cell plus and a more differentiated cell such as a non-stem cell neural progenitor 
(radial glial cell or basal progenitor cell) or a neuron (Fig. 1.7 B).  Non-stem neural cell 
eventually differentiate to give rise to all cell types of the CNS (Paradien & Huttner 
2014; McConnell 1995; Rakic 1995). During neurogenesis proneural clusters are 
established within the neural plate, these are regions which express proneural genes, 
namely bHLH genes. On the other hand, the remaining cell populations of the neural 
plate remain as undifferentiated neural progenitors in progenitor pools.  These 
progenitor pool domains will be progressively recruited towards their neural fate during 
neurogenesis (Kageyama et al. 2005)  
These basic steps of formation of the neural tube are conserved in vertebrates and can 
occur by several strategies (Fig 1.8 A) with more than one strategy coexisting in the 
same species, varying with timing and position in the neural plate. In amniotes the 
polarized neural plate roles up to form the neural tube (Fig 1.8 Aa.), while teleosts and 
amphibians form a transient structure named neural keel (Fig 1.8 Ad., B) consisting of a 
solid rod of cells, which will originate the neural tube later in development. Cells 
positioned laterally in the neural plate remain more dorsal and cells in the medial 






Figure 1.7 - Schematic representations of the early phases of neural development in the 
embryo and in embryonic stem cells. A - Neural induction which converts ectoderm into 
neuroectoderm is regulated by the coordinated actions of BMP, Wnt, and FGF signalling 
pathways. Neuroectodermal cells are undifferentiated dividing neuroepithelial cells that will 
latter differentiate into neurons (neurogenesis period) and in a second phase into glial cells 
(gliogenesis period). Proneural bHLH genes are among the factors that control the selection of 
neuronal progenitors from the neuroectodermal cells and their commitment to differentiate into 
neurons. In vertebrates, proneural bHLH genes are first expressed in the neuroectodermal cells, 
already committed to the neural fate. Differentiation occurs in a defined temporal sequence, 
neurons being generated first, followed by glial cells. The switch from neurogenesis to 
gliogenesis is controlled by both extrinsic and intrinsic signals and is the result of changes in the 
progenitor properties within the same pool of neuronal progenitors. B - In ESC neural induction 
and specification of ES-derived neural progenitors follow the same cues as in the embryo to 
give rise to populations of neurons and glial cells. Black curved arrows indicate self-renewing 
cells. Abbreviations: BMP, bone morphogenetic protein; bHLH genes, basic helix-loop-helix 
genes; ESC, embryonic stem cell; NSC, neural stem cell. Adapted from  (Leclerc et al. 2012). 
Soon after the onset of neural induction, the anterior-posterior identity of progenitors is 
specified by Wnt, FGF and retinoic acid (RA) signal gradients giving rise to the 
posterior identity of hindbrain and the spinal cord. This is achieved by signalling centres 
located in the neural tube and surrounding tissues (Figure 1.9 A). These gradients also 
serve as axon guidance cues during development. The result of this early AP patterning 
is a structure in which distinct anterior-posterior segments are defined by the expression 
of combinations of transcription factors, mostly members of the Hox family (del Corral 
& Morales 2014; Diez del Corral & Morales 2017; Philippidou & Dasen 2013; Sagner 
& Briscoe 2017). The patterning along the dorso-ventral (DV) axis of the neural tube is 
mainly controlled by morphogenic signalling molecules: sonic hedgehog (Shh) released 







These secreted factors create concentration gradients that establish specific domains of 
progenitor cells (Fig 1.9 A) each expressing distinct combinations of homeodomain 
proteins (such as Dbx1, Dbx2, Irx3, Nkx2.2, Nkx6.1, Pax6 and Pax7) giving rise to the 
different populations of neural cells  (Briscoe et al. 2000; Gouti et al. 2015).  
Cells acquire their fates via sensing both graded inputs, this dual signal interpretation 
mechanism, provides a more refined positional information than a separate signal 
interpretation (Zagorski et al. 2017). The final result of DV patterning is the formation 
of a two-dimensional grid of molecularly distinct progenitor regions, each of which 
expresses specific transcription factors and is able to generate particular neural cell 
types that will emerge at a stereotypical position at a particular time during development 
(Cardozo et al. 2017; Gouti et al. 2015; Sagner & Briscoe 2017). 
Figure 1.8- Neural tube formation in vertebrate species is variable between vertebrates 
and within one species at different levels of the anterior neural tube. A - Strategies 
towards the formation of the neural tube in vertebrate species, a. a smooth rolling of the 
epithelium occurs in the brain of the frog xenopus and in part of the mouse spinal cord.  b. 
bending of the epithelium at defined hinge points, where cells become wedge shaped occurs in 
mouse c. bending of the epithelium at a single hinge points. d. formation of a transitory neural 
keel, consisting of a solid rod of cells, occurs in zebrafish. B – Detail of the formation of the 
neural tube from the neural keel in zebrafish, highlighted cells shown to roughly maintain 





Figure 1.9 – Signalling pathways during spinal cord development and regeneration. 
Development: A- Distinct ventral progenitor zones (p0-p3 (green) and pMN (red)) are set up by 
the morphogens diffusing from FP and RP. Along the anterio-posterior axis, the spinal cord is 
patterned by anterior-high expression of RA (purple) released from the somites which forms an 
opposing gradient to the posterior-high expression of FGF and Wnt (pink). B- During the 
patterning of the spinal cord, the notochord, and the floor plate (FP) are established as a 
signalling centre for Shh (blue), which diffuses through the tissue in a ventral-high, dorsal-low 
gradient. In contrast, BMP and Wnt (green) are released from the roof plate (RP) in a dorsal-
high, ventral-low gradient. At the ventricular zone (VZ) of the neural tube, the cells that 
maintain high Notch expression preserve their proliferative state (orange), whereas the cells 
with higher Delta expression differentiate into mature neurons (brown). Adapted from (Cardozo 
et al. 2017).  
 Proliferation and differentiation of these progenitor cells requires activity of many of 
the aforementioned factors as well as activity of Notch (Pierfelice et al. 2011) through 
the process of lateral inhibition (Fig. 1.9 B), cells that express proneural genes at high 
levels become neurons and simultaneously express the Notch ligands Delta or Jag, 
which activate Notch signalling in neighbouring cells (Appel & Eisen 1998). These 
neighbouring cells express Hairy and Enhancer of Split-related (Her) transcriptional 
repressors that inhibit neurogenesis (Bae et al. 2006), allowing for the maintenance of 
progenitor cells. This signalling mechanism of spatiotemporal patterning of spinal cord 
neuron differentiation is achieved by the signalling of newly differentiated neurons to 
surrounding neuroepithelial tissue by means of basal protrusions which extend several 
cell diameters (Hadjivasiliou et al., 2019). 
The knowledge about neural stem cell (NSC) populations present in the vertebrate early 
neural plate, and the cell lineages they give rise to is still incompletely understood. It is 
thought that the first NSCs in the embryo are a diverse population of neuroepithelial 
cells, radial glial cells, and other progenitor cells that together will generate the various 
cell lineages (Götz & Huttner 2005). Briefly, during CNS development, NSCs 
proliferate symmetrically to generate clonally related progeny which maintain the NSC 





Figure 1.10 - Simplified model of neural stem cell differentiation pathways. During central 
nervous system development, neural stem cells (NSC) proliferate and divide to generate 
clonally related progeny that differentiate into neurons, astrocytes, oligodendrocytes, and 
ventricular ependymal cells. The symmetric division of NSC underlies their ability to self-renew 
and serves to maintain the NSC population. In contrast, asymmetric mitosis produces one NSC 
and one neural progenitor cell (NPC), daughter cells with differentiation capacity restricted to 
neuronal or glial lineages. Asymmetric division generates two NPC. NSC self-renewal and 
differentiation is regulated by a precise temporal sequence of growth factor presentation, 
intracellular signalling, and transcription factor expression. NSC and their differentiated 
progeny can be identified by the expression of a unique combination of cell surface markers and 
transcription factors. Adapted from  (R&D Systems 2014). 
On the other hand, asymmetric division of NSC produce a daughter stem cell plus a 
more differentiated cell such as a non-stem cell neural progenitor (radial glial cell or 
neuron progenitor cell) or a neuron.  Non-stem neural cells eventually differentiate to 
give rise to all cell types of the CNS (Götz & Huttner 2005; McConnell 1995; Rakic 
1995). These temporal sequences and mechanisms of early neural development are 
widely conserved across vertebrate species and for the scope of the present work 
emphasis will be set in zebrafish neurogenesis. Also due to the motor phenotype 
observed in MCT8 deficient patients and zebrafish this work will focus on hindbrain 
and mainly spinal cord development.  
The spinal cord is a unique vertebrate feature that originates, together with the 
hindbrain, from the caudal neural plate. Whereas the hindbrain subdivides into 
rhombomeres, the spinal cord remains unsegmented, but in a number of species, 




neuronal populations. (Kinkhabwala et al. 2011). The relative simplicity of the spinal 
cord, when compared with the brain, makes it a good model in which to study  
development of vertebrate neural specification and function (Lewis & Eisen 2003). 
1.4.1 Zebrafish neurogenesis 
Brain regionalization and cellular diversity of the CNS of zebrafish are similar to other 
vertebrates, one of the main anatomical difference is due to the folding of the neural 
tube, leading to the formation of the neural keel (Fig 1.8 b). The first manifestation of 
neural plate formation occurs at 10hpf with the dorsomedial thickening of the of cells in 
the neural plate. The neural keel is formed at 13hpf and the neural tube at around 17 hpf 
(Kimmel et al, 1994), this process leads to changes in the distribution of sensory, inter 
and motor neurons from their lateromedial distribution to dorsoventral distribution. In 
zebrafish embryos, the first neurons to develop are called primary neurons and appear at 
11hpf (3 somites) (Fig 1.11). These are large, rapidly developing early neurons, which 
include primary motor neurons, primary interneurons and Rohon-Beard (RB) sensory 
neurons. Primary neurons are generated from proneuronal domains, also called 
neurogenic regions, that are established as three longitudinal stripes along the 
anteroposterior axis in the dorsal ectoderm during the late gastrulation and early 
segmentation periods (Fig 1.11).  
 
Figure 1.11 - Primary neurogenesis in the 
zebrafish embryo. The first neurons (circles) 
that appear in the neural plate (pink) are located 
within three bilateral longitudinal stripes where 
proneural genes are expressed (yellow). This 
pattern reflects the functional subdivision of the 
early central nervous system, in which motor 
neurons, interneurons and sensory neurons 
derive from medial (m), intermediate (i) and 
lateral (l) stripes, respectively. An additional 
domain in the trigeminal ganglion (tg) is shown. 
Midline signals (arrows) are involved in the 
establishment of neurogenic regions. Repressive 
zones (purple), restrict proneural expression 
domains. Adapted from (Corral & Storey 2001).  
 
Within the proneuronal domains, a subset of cells is selected that will become neurons. 




& Chitnis 2002) while radial glial cells, identified by the expression of glial fibrillary 
acidic protein (GFAP), are noticeable at 12hpf. Glial cells in the zebrafish include radial 
glial, astrocytes and Schwann cells (Bernardos & Raymond 2006; Schmidt et al. 2013). 
Axogenesis of primary neurons, sensory, interneurons and motorneurons occur between 
14-24hpf. Secondary neurons arise around 13-14hpf, they are small, more abundant and 
have thinner axons than primary neurons. The progression of neuroepithelium into 
astroglia and oligodendrocytes also occurs in zebrafish after 20hpf, although in 
zebrafish glia retains its radial glia identity in greater number throughout life, allowing 
the maintenance a larger pool of radial glial cells in adult stages (Alunni & Bally-Cuif, 
2016, Paradian & Huttner, 2014). By 72hpf cellular diversity of the zebrafish spinal 
cord is similar  to other vertebrates (Fig 1.12). 
                                                                              Fig. 1.12 – Cell types present in the spinal 
cord of zebrafish larvae. A pseudostratified 
neuroepithelium (NE) forms the lateral walls of 
the sc bordering a central lumen. The NE is 
separated ventrally and dorsally by non-
neuronal floor plate and roof plate cells, 
respectively. NE cells are proliferative neural 
precursors, giving rise to neurons and glia. 
Sensory neurons occupy the most dorsal 
positions: CoSa, DoLA while motor neurons 
occupy relatively ventral positions. Radial glia 
(RG), reach from the central canal to the pial 
surface, are numerous and distributed 
throughout the dorsoventral extent of the spinal 
cord. RG act as neural stem cells, giving rise to 
astrocytes, oligodendrocytes and neurons. 
Oligodendrocytes arise from Olig2 progenitors 
present in the ventral spinal cord and migrate to 
new dorsoventral positions during maturation.                             
(Adapted from Johnson et al 2014; Trevarrow 
et al. 1990; Appel et al. 2001). 
 
1.4.2 TH during neurogenesis 
The prevalent idea about TH role during neurogenesis is that regulation of gene 
expression during development of the nervous system by TH facilitates the transition 
from the embryonic to the mature brain (Gil-Ibañez et al. 2015). The main known 
actions of TH are described in Table 1.6. During embryonic period when the thyroid 




progenitor expansion, neural migration, neuron proliferation and decreased expression 
of neuronal differentiation factors. 
Table 1.6 Main effects of TH deficiency on human CNS development. The events are 
showed in chronological order (i.e., from the first trimester to postnatal life). Adapted from 
(Prezioso et al. 2018). 
– Reduced progenitor expansion    
– Deficit in neuronal migration 
– Delay in neuron proliferation 
– Decreased expression of neuronal differentiation factors  
– Impaired generation of primitive patterns of network activity  
– Reduced cortical thickness  
– Cortical dysplasia 
– Abnormal layering and foliation of the cerebellar cortex  
– Impairment in dendrites and axons development  
– Decreased expression of proteins involved in synaptic plasticity 
– Delayed myelination and reduced axonal guidance and fasciculation 
 
TH transporters, receptors and deiodinases have been shown to be expressed in NSC 
and their differentiated progeny, but the exact role it exerts is not clear, with sometimes 
opposing effects. Regulation of proliferation/differentiation can occur by T4 binding to 
integrin αvβ3, upregulating progenitor proliferation in the developing cortex (Stenzel et 
al. 2014), while T3 promotes neuronal differentiation in primary cerebrocortical cells 
via a nuclear TR-dependent pathway (Gil-Ibáñez et al. 2017). TH has been found to act 
in the development of oligodendrocytes, being involved in regulating the early 
specification of neural precursors to derive oligodendroglial lineage cells and their 
maturation by regulating the expression of myelinating genes. This is the cause behind a 
delayed/diminished myelination in the hypothyroidism phenotype (Lee & Petratos 
2016). Despite these results, the relation between thyroid hormones mechanisms/timing 
and site of action during early development are not entirely known. Nor is the 
connection between these and the resulting phenotypes when imbalance in TH levels 
occurs. 
1.5 OBJECTIVES 
This PhD thesis aims to unravel the role of MTH acting via MCT8 in zebrafish CNS 
development at the genetic and cellular level. The genetic pathways under the regulation 






























and identity of neural cells under the regulation of MTH during zebrafish development 
lack characterization.  
The objectives of the thesis are to:  
1. Chapter 2: Identify genes and genetic networks under the regulation of MTH 
during zebrafish neural development using an MCT8 morpholino knock down. 
2. Chapter 3: Establish the developmental time frame for MTH actions in neural 
development in zebrafish. 
3. Chapter 4: Identify spinal cord cells, which rely on MTH for development and 
differentiation. 
4. Chapter 5: Determine the role of MTH in neural progenitor cell maintenance and 
the association with Notch signaling. 
 
Due to the complexity of TH action, in this thesis we aimed to clarify the role of MTH 
acting through the MCT8 transporter only. Although MCT8 is the main transporter 
during the embryonic period, we cannot discard the presence of other TH transporters in 
specific cell populations. The fact that D2 is absent in zebrafish during early embryonic 
period means that the obtained data reflects mainly T3 action, which is the preferred 
substrate for MCT8 (Arjona et al. 2011; Groeneweg et al. 2019a) . By knocking-down 
MCT8 it does not mean we are eliminating MTH action, since alternative pathways may 
still be active, namely TH non-genomic action. Although zebrafish treated with 
TETRAC, a TH analog which in mammals is an antagonist of non-genomic TH action, 
showed to have no effect during zebrafish embryonic development (Campinho & Power 
2013), this was not tested specifically in neural development. 
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Thyroid hormones (TH) are essential for embryonic brain development but the 
genetic mechanisms involved in the action of maternal TH (MTH) are still largely 
unknown.  As the basis for understanding the underlying genetic mechanisms of MTH 
regulation we used an established zebrafish monocarboxylic acid transporter 8 
(MCT8) knock-down model and characterised the transcriptome in 25hpf zebrafish 
embryos. Subsequent mapping of differentially expressed genes using Reactome 
pathway analysis together with in situ expression analysis and immunohistochemistry 
revealed the genetic networks and cells under MTH regulation during zebrafish 
embryogenesis. We found 4,343 differentially expressed genes and the Reactome 
pathway analysis revealed that TH is involved in 1681 of these pathways. MTH 
regulated the expression of core developmental pathways, such as NOTCH and WNT 
in a cell specific context. The cellular distribution of neural MTH-target genes 
demonstrated their cell specific action on neural stem cells and differentiated neuron 
classes. Taken together our data show that MTH have a role in zebrafish neurogenesis 
and suggest they may be involved in cross talk between key pathways in neural 
development. Given that the observed MCT8 zebrafish knockdown phenotype 
resembles the symptoms in human patients with Allan-Herndon-Dudley syndrome our 




















In tetrapods thyroid hormones (TH) have a key role in the development of the brain 
(Darras et al., 2009; Zoeller, 2010; Chatonnet et al., 2011) and in rodents multiple 
components of the thyroid cellular signalling pathway and T3-induced gene 
expression occur  (Dowling et al., 2000; Dong et al., 2009; Wallis et al., 2010). 
Collectively the evidence indicates that TH signalling in developing rodent brain cells 
acts when T3 binds to thyroid hormone nuclear receptors and transactivate or 
represses gene expression. However, the role of TH, especially maternal TH (MTH), 
in vertebrate embryonic development, and notably neural development, is still largely 
unexplored (Horn and Heuer, 2010). 
MTH act before a functional thyroid gland develops. In mammals the placenta tightly 
regulates TH availability to the foetus (Patel et al., 2011). Evidence from several 
teleost species indicate that MTH are deposited in eggs and that  (Power et al., 2001; 
Campinho et al,. 2010; Chang et al., 2012) thyroid hormone receptors (THR) are 
expressed during early embryonic development (Essner et al., 1997, 1999; Bertrand et 
al., 2007; Campinho et al., 2010; Campinho et al., 2014). Studies in zebrafish seem to 
suggest that THR repress retinoic acid signalling in a T3-independent manner during 
early development (Essner et al., 1997, 1999). Furthermore, inappropriate levels of 
thyroid hormone during embryonic development negatively influence neurogenesis, 
myelination, dendrite proliferation and synapse formation (reviewed in (Zoeller and 
Rovet 2004; Williams 2008)). 
The importance of the TH-specific membrane transporter MCT8 (SLC16A2) for 
neurodevelopment in humans was revealed by the severe global neurological 
impairments identified in subjects with X-linked Allan-Herndon-Dudley syndrome 
(AHDS). MCT8 is present in zebrafish embryos in the developing nervous system and 
has a high affinity for the active form of the TH, T3 (Arjona et al., 2011). In three 
independent studies conditional knockdown of the MCT8 transporter with 
morpholinos during zebrafish development caused  severe disruption of brain 
development similar to AHDS (Vatine et al., 2013; Campinho et al., 2014; de Vrieze 
et al., 2014), an outcome that has not been achieved in any murine model so far 




zebrafish mutant for MCT8 does not replicate the human phenotype of AHDS (Zada 
et al., 2016). The evidence from the zebrafish MCT8 knockdown model indicates that 
maternal TH in teleost eggs have an essential role in neural development. Our 
previous studies revealed that the zebrafish MCT8 knockdown model display 
locomotor, cellular and molecular changes congruent with the consequences of AHDS 
in humans (Friesema et al., 2010; Campinho et al., 2014; Armour et al., 2015). 
Here we unmask MTH-dependent developmental mechanisms using morpholino-
mediated knockdown of MCT8 to prevent MTH from entering target cells in 
developing zebrafish embryos (Campinho et al., 2014). The transcriptome of 
developing control and MCT8 morphants in 25 hours post-fertilization (hpf) zebrafish 
embryos was established and identified gene networks under the regulation of MTH 
during zebrafish development. Differentially expressed neural genes were mapped in 
situ in embryos and cells under the regulation of MTH during zebrafish development 
were identified. 
2.2 RESULTS 
2.2.1 MTH regulate a wide variety of genes and gene networks during zebrafish 
embryogenesis 
On average more than 21 million pair end sequences were produced per sample and 
overall 2.2% of the sequences were removed after quality control editing. 
Comparisons between the MCT8 morpholino (MO) and control (CTR) samples of 
85,652 paired assembled transcripts (Fig.1A and Supplementary Fig.1A): 1) 
generated 3,462 transcripts with a differential FPKM; 2) 41,475 of the assembled 
transcripts represented coding sequences and 2,921 had a differential FPKM; 3) out of 
35,217 annotated genes, 4,876 had a differential FPKM (FDR<0.05, p<0.01) and 38 
arose from differential promoter usage, and; 4) from 53,350 primary transcripts 
sharing transcription start sites, 4,343 had a differential FPKM. Most of the 
differentially expressed genes between control and MCT8 morphants were less than 
2-fold different albeit with high statistical significance (Fig.2.1A and Supplementary 




Differentially expressed genes between the control and MCT8 morphants at 25hpf 
were assigned to 27 statistically significant (p<0.05; allowed medium semantic 
similarity) non-redundant molecular function GO-term categories (Fig.2.1B and 
Supplementary Table 1). Overall, binding was the most populated category followed 
by transcription factor activity and catalytic activity (Fig.2.1B and Supplementary 
Table 1). In the biological process category, the subordinate categories, cellular, 
single organism, metabolic and developmental processes were dominant 
(Supplementary Fig.1B and Supplementary Table 1).  
 
Figure 2.1 - Zebrafish MTH-dependent transcriptome and pathway analysis at 25hpf.  
(A) Volcano plot and (B) molecular function GO enrichment analysis slimmed with semantic 
clustered with REVIGO of differentially expressed genes between 25hpf zebrafish embryos 
microinjected with either control or MCT8 MO. In (A) red points represent significantly 
expressed genes (p<0.01; FDR<0.05). In (B) circle size represents the frequency of GO terms 
and the colour scale represents log10 P-value. At 25hpf MTH regulated the expression of 




representation of the ratio of MTH-regulated genes in the mother pathway at 25hpf of 
zebrafish embryogenesis. (D) Graphical representation of the Reactome pathways most 
populated by MTH-regulated genes. The number near the bars in (C) and (D) denote the exact 
numeric value depicted by the bar in the graphs. 
 
Pathway analysis using the Reactome V58 (www.reactome.org) (Croft et al., 2014) 
human curated database, revealed that differentially expressed genes were involved in 
1681 pathways of which 15 had more than 55% of their members regulated by MTH 
(Fig.2.1C). In the Reactome mother category pathways the percentage of regulated 
genes varied from 35% (Extracellular matrix organization) to 3.2% (Reproduction; 
Fig.2.1C). Notably, in the category, signal transduction, MTH regulated 17% of all 
genes and these were present in all subcategories (Fig.2.1C). A more focused analysis 
of each Reactome mother category indicated that MTH were highly important in 
regulation of commissural axon guidance by Slit and Robo, SMAD4 regulation, and 
amplification of signal from the kinetochores, and all genes involved were regulated 
by MTH (Fig.2.1D, Supplementary Table 2). In the sub-pathway neurophilin 
interaction with VEGF and VEGFR, 75% of all genes had their expression regulated 
by MTH at 25hpf (Fig.1D and Supplementary Table 2 - R-HSA-194306). Genes 
belonging to the sub-pathway fibronectin matrix formation (71%, Fig. 2.1D), 
unwinding of DNA in replication (66.7%, Fig. 2.1D) and G0 and early G1 stages of 
the cell cycle (>55%; Fig. 2.1D), were also affected by MTH signalling. 
Developmental related pathways such as NOTCH, showed a high number of MTH 
regulated genes, such as NOTCH3 signalling (58.3%; Fig.2.1D and Supplementary 
Table 2 - R-HSA-1980148), NOTCH 1 signalling (32%; Supplementary Fig. 2 and 
Supplementary Table 2 - R-HSA-1980143) and pre-NOTCH receptor expression and 
processing (26%; Supplementary Table 2 - R-HSA-1912422). Embryogenesis 
important WNT and Hedgehog signalling pathways were significantly regulated by 
MTH, although fewer genes had significant different expression between control and 
MCT8 morphants. In the WNT pathway 21% of the genes were differentially 
expressed in the MTH knockdown (Supplementary Table 2). In the Hedgehog 
pathway MTH-regulated genes accounted for 23% of the genes in the pathway 
(Supplementary Table 2). Regulation of Wnt1 biogenesis and trafficking was the most 
affected WNT sub-pathway and 36% of the genes were differentially expressed 




Table 2 - R-HSA-3238698). Notably, all steps in the Wnt1 biogenesis and trafficking 
pathway were affected by MCT8 knockdown (Supplementary Fig. 3). TCF-dependent 
signalling in response to WNT sub-pathways was also regulated by MTH (19%; 
Supplementary Table 2 - R-HSA-201681). However, in this case, MTH seemed to 
have a greater effect on TCF nuclear signalling than on any other component of this 
sub-pathway. The beta-catenin independent WNT signalling sub-pathway was also 
significantly regulated by MTH (19%; Supplementary Table 2 - R-HSA-3858494). 
Although the regulation of genes in this sub-pathway was biased towards genes 
involved in the cellular apical-basal axis and response to WNT ligands. Degradation 
of beta-catenin by the destruction complex was the WNT sub-pathway with fewest 
MTH-regulated genes although almost all reactions of this pathway were affected 
(16%; Supplementary Table 2 - R-HSA-195253).  
In the Hedgehog sub-pathways, MTH were involved in regulating the expression of 
20-22% of the genes (Supplementary Table 2). Notably, the majority of reactions in 
the Hedgehog sub-pathways contained MTH-regulated genes. Ligand biogenesis was 
the Hedgehog sub-pathway with the largest number of genes in which expression was 
regulated by MTH (22%; Supplementary Table 2 - R-HSA-5358346). MTH were also 
involved in regulating genes in Hedgehog off- and on- state sub-pathways 
(respectively 21 and 20%; Supplementary Table 2 - R-HSA-5610787; R-HSA-
5632684).  
2.2.2 MTH are involved in late neural differentiation, neural diversity and neural 
progenitor maintenance 
We previously reported that MTH were mainly involved in neural development in 
zebrafish (Campinho et al., 2014). In order to identify the cells responsive to MTH 
during zebrafish embryogenesis we selected differentially expressed genes (p<0.01; 
FDR 5%) involved in zebrafish neural development related to WNT and NOTCH 
pathways, neural stem cell and neuron differentiation. The selected neural genes 
(log2[fold-change] values) were: pax6a (-0.57), wnt1 (0.89), wls (0.40), rorab (-0.54), 
her2 (-1.148), deltaA (-0,742), neurod6b (-1.52) and gad1b (-0,591). Whole mount in 
situ hybridization (WISH; wnt1, wls, her2, pax6a, neurod6b, rorab) and whole mount 
immunohistochemistry (WIHC; DeltaA) of selected genes involved in neural 




The expression of the WNT ligand and neurogenesis positive regulator wnt1 (Lekven 
et al., 2003) was increased in the MCT8 morphants. In fact, WISH analysis revealed 
that at 25hpf in the hindbrain roof plate wnt1 was downregulated in MCT8 morphants 
whereas the midbrain expression field expanded (Fig. 2.2A). In contrast, at 48hpf the 
expression of wnt1 increased in the hindbrain roof plate (red arrowheads) and 
midbrain of MCT8 morphants (Supplementary Fig.4A).  
 
Figure 2.2 - MTH regulate the WNT and NOTCH pathway genes during zebrafish 
embryogenesis. (A) WISH expression analysis of wnt1. Lateral (upper panel) and dorsal 
images of the brain (lower panel) in control and MCT8 morphant zebrafish embryos at 25hpf. 
(B) WISH expression of the WNT1 protein secretion regulator - wls, lateral and dorsal images 
of the brain and lateral images of the spinal cord in control and MCT8 morphant zebrafish 
embryos at 25hpf. The red arrows denote wls - expressing cells in the spinal cord. (C) 
Fluorescent WIHC expression analysis of the NOTCH ligand DeltaA in the hindbrain and 
spinal cord of control and MCT8 morphant embryos at 25hpf.  (D) WISH expression analysis 
of the NOTCH pathway target gene her2 in control and MCT8 morphant zebrafish embryos 
at 25hpf. Lateral and dorsal images of the brain (first and second panels) and lateral images of 
the spinal cord are shown (lower panel). hb-hindbrain; mb-midbrain; nt-notochord. In A, B, D 
the scale bars represent 100m. In C the scale bars represents 25m. 
The gene that regulates the secretion of WNT ligands, wls,was also up-regulated (Jin 
et al., 2010), indicating MTH strongly modulated WNT-signalling. At 25hpf wls had 
a low expression in most brain regions with a slightly higher expression in the second 
ventricle boundaries of the midbrain (Fig.2.2B). In the MCT8 morphants wls 




posterior hindbrain ventral floor (Fig. 2.2B). The expression of wls was also up-
regulated in the spinal cord (SC) of MCT8 morphants whereas in 25hpf control 
morphant embryos wls expression was only found in dorsal SC cells (Fig. 2.2B). 
Expression of wls in MCT8 morphants also occurred in intermediate and ventral SC 
cells (red arrowheads in Fig. 2.2B). At 48hpf, there was an overall decrease in wls 
expression in MCT8 morphants compared to the control morphant embryos 
(Supplementary Fig.4B). Notably, in 48hpf MCT8 morphants lower wls expression 
was most pronounced in the hindbrain and in the SC (Supplementary Fig.4B). In the 
SC of control embryos wls was expressed in dorsal and ventral cells, a pattern that 
was maintained in the MCT8 morphants even though the number of wls-positive SC 
cells decreased (Supplementary Fig.4B). In rescue experiments both wnt1 and wls 
expression in 25hpf embryos (Supplementary Fig.7A and B) was similar to the 
control. These results reinforce the notion that MTH are involved in the modulation of 
WNT during neural development in zebrafish. 
Reactome analysis of the RNA-seq results revealed that several NOTCH pathway 
genes were targets of MTH (Supplementary Figs.2 and Supplementary Table 2) 
including the NOTCH ligand deltaA. A general decrease in DeltaA immuno-staining 
was observed in the hindbrain of 25hpf and 48hpf MCT8 morphants (Fig.2.2C and 
Supplementary Fig.4C). The DeltaA expression decreased most dramatically in the 
dorsal SC at 25hpf (Fig.2.2C) and by 48hpf this decrease was evident throughout the 
entire SC (Supplementary Fig.4C). Analysis of her2 expression indicated that the 
NOTCH pathway was a major target of MTH during neural development. At 25hpf 
and 48hpf expression of her2 was extensively downregulated in both the brain and SC 
(Fig.2D and Supplementary Fig.4D). At 25hpf, the hindbrain was specially affected 
and the expression field and intensity of her2 expression was decreased (Fig.2D). 
Ventral hindbrain expression of her2 was almost abolished in MCT8 morphants 
(Fig.2D). The her2 expression was least affected in the forebrain-midbrain boundary 
of the MCT8 morphants (FMB; Fig.2D), nonetheless the dorsal FMB domain was 
more affected than the ventral domain (Fig.2D). At 48hpf the expression domain of 
her2 in MCT8 morphant embryos was totally distinct from control morphant siblings 
indicating severe changes occurred in brain cellular organization (Supplementary 
Fig.4D). In MCT8 morphants the expression of her2 in the optic tectum was broader 




hindbrain and rather than a single cell layer surrounding the 3rd ventricle, a broader 
band of cells was evident (Supplementary Fig.4D). The SC ventral and medial 
expression domains of her2 were abolished although some cells in the dorsal domain 
still expressed her2 (Supplementary Fig.4D). In rescue embryos at 25hpf, DeltaA and 
her2 were fully rescued to control levels further confirming a role for MTH in 
NOTCH signalling during zebrafish neurogenesis (Supplementary Fig.7C and D). 
Given that her2 plays an important role in the generation and maintenance of neural 
progenitor cells in the brain and SC, the evidence suggests that these cells are under 
the regulation of MTH during zebrafish embryogenesis. This evidence was further 
confirmed by down-regulation of pax6a and neurod6b, which are two important 
factors involved in neural progenitor cell differentiation and survival (Fig.2.3A and 
B). At 25hpf expression of pax6a was down-regulated in MCT8 morphants in a cell-
specific manner in the brain and SC (Fig. 2.3A). The down-regulation of pax6a was 
further observed at 48hpf (Supplementary Fig.5A) and the hindbrain was the region of 
the brain most affected by absence of MTH (Fig.2.3A and Supplementary Fig.5A). 
The most affected expression domain of pax6a was the SC where most dorsal pax6-
positive cells seemed to be more dependent on MTH signalling than the more ventral 
pax6a-positive cells (Fig. 2.3A and Supplementary Fig. 5A). 
Further evidence that neural progenitors are a key target for MTH during zebrafish 
embryogenesis was revealed by the results of WISH for neurod6b (Fig. 2.3B and 
Supplementary Fig. 5B). In MCT8 morphants at 25hpf the most anterior neurod6b 
positive-cells in the forebrain were dependent on MTH but posterior cells lying near 
the FMB were not affected (Fig. 3B). This was also true at 48hpf (Supplementary Fig. 
5B) when midbrain and hindbrain expression domains of neurod6b were totally 
dependent on MTH whereas the forebrain domain was similar to that at 25hpf (Fig. 
2.3B and Supplementary Fig.5B). These results were further confirmed in rescued 
25hpf embryos (Supplementary Fig.8A and B). 
Expression of the retinoic acid orphan receptor ab, rorab, which is involved in 
generation of midbrain neuron diversity, was severely affected in the midbrain of 
MCT8 morphants (red arrowhead in Fig.2.3C). At 25hpf rorab was down-regulated in 
the midbrain of MCT8 morphants but increased at 48hpf (Fig.2.3C and 




as much as in the midbrain (Fig.2.3C and Supplementary Fig.5C). In common with 
the midbrain domain, in the retina rorab expression was lower at 48hpf than at 25hpf 
(Supplementary Fig. 5C and Fig. 2.3C). The loss of rorab was fully recovered in 
rescue 25hpf embryos (Supplementary Fig.8C) 
 
Figure 2.3 -  MTH were involved in zebrafish neural development. The scheme presents a 
comparison between the control and MCT8 morphant zebrafish embryos at 25hpf. (A) WISH 
expression analysis of the neural progenitor marker pax6a in control or MCT8 morphant 
zebrafish embryos at 25hpf; pax6a was regulated in a context dependent manner by MTH 
during zebrafish embryogenesis. Lateral images of the hindbrain and spinal cord in embryos 
are presented. (B) WISH expression analysis of the neural progenitor factor neurod6b. This 
gene was regulated by MTH in the mid- and hindbrain. Lateral (upper panel) and dorsal 
images (lower panel) of the brain in embryos is presented. (C) WISH expression analysis of 
the retinoic orphan receptor ab (rorab). Regulation by MTH occurred in the midbrain and 
eyes. Lateral (first panel) and dorsal images (second panel) of the brain in embryos are 
presented.  Red arrowheads indicate the optic tectum. (D) WISH analysis of the expression of 
the inhibitory neuron marker, gad1b, showing that the development of inhibitory neurons was 
dependent on MTH during zebrafish embryogenesis. Lateral and dorsal images of the brain 
(first and second panels) and lateral images of the spinal cord (lower panel) in embryos are 
presented. The red arrowheads indicate the midbrain-hindbrain boundary (MHB). ey – eye, fb 
– forebrain, hb-hindbrain, md – midbrain, nt-notochord. In all images the scale bars represent 
100m. 
 
The expression of glutamate decarboxylase 1b (gad1b), which is only found in 
GABAergic neurons, was also dependent on MTH (Fig.2.3D and Supplementary 
Fig.5D). The effect of MCT8 knockdown on gad1b expression was tissue/cell specific 




at both 25hpf and 48hpf (Fig.2.3D and Supplementary Fig.5D). Within the hindbrain 
at 25hpf anterior gad1b-expressing cells were less dependent on MTH and at 48hpf 
most ventral gad1b positive cells were lost, whereas dorsal cells were mostly retained 
(Supplementary Fig.5D). In the SC most gad1b positive cells were retained but they 
had a modified spatial organization relative to the control (Fig.2.3D and 
Supplementary Fig.5D). Nonetheless, at 48hpf almost all gad1b positive cells were 
lost in the SC of MCT8 morphants and only a few ventrally located cells still 
expressed gad1b albeit at very low levels (Supplementary Fig.5D). These 
observations were further confirmed at 25hpf in rescue embryos (Supplementary 
Fig.8D). 
2.2.3 MTH are involved in angiogenic development during late embryogenesis 
We have previously demonstrated that MTH are important for angiogenesis in 
zebrafish during development, namely in the blood-hindbrain-barrier development 
Campinho et al., 2014). We further explored this observation by selecting 
differentially expressed genes involved in angiogenesis and analysed their expression 
by WISH in MCT8 morphants. Genes involved in angiogenesis were much less 
represented in the MCT8 morphant transcriptome probably due to the rudimentary 
development of the vascular system at 25hpf (log2[fold-change] values). We looked 
into the expression of flt4 (0.431) given its role in vascularization.  
The whole body transcriptome analysis revealed that FMS-related tyrosine kinase 4 
(flt4) was up-regulated in the MCT8 morphants (log2fold 0.431, p<0.01, FDR <0.05). 
However, in situ analysis revealed that the transcriptional response of flt4 in MCT8 
morphants was not generalized but rather context specific (Fig.2.4 and Supplementary 
Fig.6). At 25hpf in the head region of MCT8 morphants, flt4 expression was lost in 






Figure 2.4 –MTH were important in angiogenesis during zebrafish development. A 
comparison between control and MCT8 morphant zebrafish embryos at 25hpf is presented. 
(A). WISH expression analysis of flt4 showed that MTH regulate flt4 expression in a context 
dependent manner. Lateral images of the head (first panel) and the trunk (second panel) are 
shown. The red arrowheads indicate the mid-central vein, the green arrowheads indicate the 
primordial hindbrain channels and the black arrowheads indicate the intersegmental vessels. 
CV - Cardinal vein, DA - Dorsal artery, hb – hindbrain, mb – midbrain, nt - notochord. In all 
the images the scale bar represents 100m.   
 
Significant disruption of the head vascular structures was observed and the primordial 
hindbrain channel (green arrowhead in Fig.2.4) was incompletely developed and the 
midbrain and forebrain structures were severely disrupted. In the trunk of 25hpf 
MCT8 morphants, intersegmental vessels (black arrowheads in Fig.2.4) did not 
appear to be modified but expression in the dorsal artery (DA) and cardinal vein (CV) 
was slightly increased relative to control siblings (Fig.2.4). At 48hpf there was a 
slight but observable increase in the expression of flt4 in the head vasculature 
(Supplementary Fig.6). The slight increase in flt4 expression at 25hpf in the DA and 
CV of MCT8 morphants was still evident in 48hpf morphants (Fig.2.4 and 
Supplementary Fig.6). The effects of MCT8 knockdown on flt4 at 25hpf were fully 
recovered in rescue embryos (Supplementary Fig.9) 
2.3 DISCUSSION 
The MCT8 transporter is extremely important for the appropriate regulation of 
intracellular TH levels. This has been clearly demonstrated by studies showing that 
MCT8 mutations affect transporter characteristics and consequently TH transport 




(Boccone et al., 2013; Kersseboom et al., 2013; Armour et al., 2015). Furthermore 
the function of MCT8 mutants is also dependent on the cellular context (Kersseboom 
et al., 2013). The only known function of MCT8 is facilitated cellular transport of 
iodothyronines across the plasma membrane and no other substrates have been 
described in vertebrates (Friesema et al., 2003; Halestrap, 2013) and a recent study 
confirmed that MCT8 lacks constitutive activity (Iwayama et al., 2016). We have 
previously shown that the zebrafish MCT8 knockdown displayed locomotor, cellular 
and molecular changes congruent with the human neurological symptoms of AHDS 
(Campinho et al., 2014). Here, by characterising the transcriptome of zebrafish MCT8 
morphants, we confirmed the importance of MTH in regulation of key genetic 
pathways during zebrafish development. Our data strongly point to conservation of 
the MTH-dependent genetic mechanisms in central nervous system (CNS) 
development in zebrafish, mouse cell models (Chatonnet et al., 2013, 2015; Gil-
Ibañez et al., 2015) and human patients of AHDS (Lopez-Espindola et al., 2014).  
The number of different genes affected by MTH (>4500) and the fold-changes in 
expression of these genes, indicates that MTH regulate a wide variety of processes 
during zebrafish development. In this study we did not established if the action of 
MTH on target genes was direct or indirect. However, we identified the genes and 
pathways involved in zebrafish embryogenesis that were regulated by MTH. 
Transcriptome and pathway analysis revealed that MTH regulated an extensive array 
of cell signalling processes that in turn are involved in different cellular and 
developmental pathways. The observation that MTH regulate genes in all Reactome 
mother categories (Fig.2.1C) indicates the breadth of their action in developing 
zebrafish embryo.  
Extracellular matrix organization (ECM) was the most populated Reactome mother 
category. The most striking phenotype in MCT8 knockdown zebrafish was linked to 
the function of MTH on nervous system development where the ECM is a 
fundamental constituent and determinant for appropriate CNS function, as occurs in 
mammals (Bernal, 2017). The detailed mode and mechanisms of MTH regulation is 
still unknown. However, comparison of our data with other data on MTH function in 
vertebrate embryogenesis indicated a high level of conservation (Williams, 2008; 




zebrafish were common with those in mammals (Chatonnet et al., 2013; Gil-Ibañez et 
al., 2015; Bernal, 2017), especially those related to CNS development, and further 
highlighted the importance of MTH signalling during vertebrate embryogenesis. In 
fact, a detailed comparison of the zebrafish MCT8 morphant transcriptome from the 
present study and T3-regulated genes in mice neural derived cells, revealed that 
59.4% of the genes reported were common (Chatonnet et al., 2015). 
MTH regulated major development-related pathways like NOTCH, WNT and 
Hedgehog in a pathway specific manner during zebrafish development. In the 
NOTCH and Hedgehog sub-pathways MTH regulated genes in almost all reactions, 
while in the WNT sub-pathways MTH regulated genes were more variable. WNT 
signalling (Skah et al., 2017) has previously been linked to TH but less is known 
about the role of TH in the NOTCH pathway. In fact C17 cells expressing THRA or 
THRB (Chatonnet et al., 2013) or primary mouse cerebrocortical cells treated with T3 
(Gil-Ibañez et al., 2015) revealed up-regulation of the Notch1 and 4 receptor, Jag1, Hr 
and Hes6 expression, whereas in the zebrafish MCT8 morphants all these genes were 
down-regulated. This data indicates that the regulation of the NOTCH pathway by TH 
is a common feature of vertebrate CNS development.  
Much of the cellular evidence collected from human patients with AHDS was 
complemented and supported by our zebrafish transcriptome dataset. Noticeably the 
majority of the TH dependent neuronal proteins with altered expression in humans 
(Lopez-Espindola et al., 2014) where down-regulated (p<0.01; FDR<0.05) in the 
zebrafish MCT8 morphant transcriptomes, examples include: neflb (- 0.94) pvalb3 (-
0.65) pvalb4 (-1.05), pvalb6 (-1.16), pvalb7 (-1.08), pvalb8 (-0.60), pvalb9 (-0.57), 
syp (-0.35), calb1 (-1.04) and calb2b (-0.63). These results support the notion that the 
underlying genetic mechanisms of AHDS have been conserved between humans and 
zebrafish morphants (Campinho et al., 2014). 
Detailed spatial-temporal mapping of selected MTH-regulated genes during zebrafish 
embryogenesis revealed a role for MTH in maintenance of specific neuronal 
progenitor populations, brain region definition, neuronal cell diversity generation and 
function and brain vascularization.  We report for the first time that vertebrate DeltaA 
together with her2, neurod6b and pax6a genes were regulated by TH, suggesting they 




spinal cord and in generating cellular diversity in later embryonic neural development 
(this study and (Campinho et al., 2014)). The results of the present study show that 
the MCT8 morphant embryos have problems both in brain development and function 
in common with human patients of AHDS. 
In common with wnt1 mutants (Lekven et al., 2003) the MCT8 morphants have a less 
defined midbrain-hindbrain boundary (MHB) and this seems to be contradictory to 
the broadening of the expression field of wnt1 in MHB. Nonetheless, the field of 
expression of the WNT1 protein secretion regulator wls (Jin et al., 2010) in the MHB 
was also increased indicating that MTH might regulate different post-transcriptional 
WNT-related cellular events in MHB development. Taken together the evidence 
suggests that the role of MTH in MHB development might precede WNT1 function or 
that MTH regulate cellular events that modulate WNT1 function. However, it was not 
possible in the present study to establish if MTH have a direct or indirect effect on 
WNT related genes or if MTH action on WNT signalling was cell-specific.  The 
present data support a role for MTH in hindbrain development in zebrafish as has 
been observed in mammals (Thompson, 1996; Heuer and Mason, 2003; Katsuyama et 
al., 2007; Williams, 2008; Darras et al., 2009; Chatonnet et al., 2011) and 
corroborates studies in zebrafish development in which overexpression of thraa 
disrupted normal hindbrain development (Essner et al., 1999). 
One of the developmental pathways most affected by the lack of MTH was the 
NOTCH pathway, which regulates the neural progenitor pool (Pierfelice et al., 2011). 
Notably, Dla and her2 are key target genes by which MTH affect neural progenitor 
pools. Given the dependence of Delta-Notch signalling for her2 expression (Cheng et 
al., 2015) it was not possible to establish in the present study if MTH acted directly 
on delta expression, or via her2 or both. Notably the mammalian homolog of 
zebrafish her2, Hr, is a direct target of TH in mice (Thompson, 1996; Chatonnet et 
al., 2013; Gil-Ibañez et al., 2015; Bernal, 2017). Nonetheless, the transcriptome data 
at 25hpf revealed up-regulation of the her2-regulated cell cycle inhibitor genes 
cdkn1a (0.92- log2fold increase, p<0.01, FDR<0.0001) and cdkn1ba (0.94- log2fold 
increase, p<0.01, FDR<0.0001), which was consistent with a decrease in the 
maintenance of the her2 positive neural progenitors (Cheng et al., 2015). Our data 




and the neural progenitor pools given that the hindbrain and SC seem to be much 
more sensitive to the lack of MTH signalling than the midbrain and forebrain (Fig. 
2.2D and Supplementary Fig. 4D). The finding that Dla was also affected might 
indicate further imbalance in the neuron/progenitor cell ratios that suggests a 
diminishing neural stem cell population in MCT8 morphants. Previously we have 
reported that hindbrain pax8 positive inhibitory neurons were lost in the hindbrain and 
SC of MCT8 morphant embryos (Campinho et al., 2014). The present data leads us to 
hypothesize that MTH act upon specific neural progenitor populations that originate 
pax8 positive-inhibitory neurons. The loss of MTH in the MCT8 morphants led to 
abnormal distribution of pax2a neurons in the hindbrain and SC (Campinho et al., 
2014). This hypothesis was supported by the finding that gad1b expression was not 
entirely lost in the hindbrain and SC of MCT8 morphants (both pax2a and pax8 
neurons were gad1b-positive (Batista and Lewis, 2008) but its distribution was 
abnormal and resembled pax2a (Campinho et al., 2014), especially in the SC at 
25hpf. The action of MTH on the progenitor cell population was further supported by 
the downregulation, in the MCT8 morphant transcriptome, of 2 key genes (her2 and 
ascl1) that are involved in the development of GABAergic neurons in zebrafish 
(MacDonald  et al., 2013; Gao et al., 2015).  
The fact that neural progenitor markers such as pax6a and neurod6b were more 
dependent on MTH in the hindbrain than in the midbrain and forebrain, suggested that 
the development of this brain region was more dependent on MTH (Fig. 2.3A and 
2.3B). Given that pax6a and neurod6b are involved in the generation/maintenance of 
neural progenitors that give rise to glutamatergic neurons (Schuurmans et al., 2004, 
Wu et al., 2005;  Holm et al., 2007) it is very likely that at least some of these neuron 
populations were lost due to impaired MTH signalling in the MCT8 MO zebrafish.  
The results in zebrafish contribute to explain the observed psychomotor retardation 
consequences of AHDS in human patients (Friesema et al., 2004; Holden et al., 2005; 
Friesema et al., 2010). The loss of neural stem cell/progenitor cells in a very early 
stage of development may explain the lack of neurological improvement of AHDS 
patients after treatment with TH therapies  (reviewed (Visser et al., 2016)).   
The transcriptional regulation of rorab by MTH indicates that they are not only 




diversity and specialized brain functions. In mice and chicken RORa is involved in 
Purkinje cell and hindbrain development and is under the regulation of TH via 
THRA1 (Heuer and Mason 2003; Boukhtouche et al., 2010; Delbaere et al., 2017). 
However, in zebrafish rorab is absent from the hindbrain and is not involved in 
Purkinje cells development (Katsuyama et al., 2007). Nonetheless, the expression of 
rorab in both the eyes and optic tectum strongly suggests that rorab is involved in 
development of vision and visual signal processing in zebrafish. It is not known if TH 
regulate zebrafish rorab expression directly but the expression of thraa and thrab in 
the optic tectum during zebrafish embryogenesis strongly suggests that like in mice 
and chicken (Heuer and Mason, 2003; Boukhtouche et al. 2010; Delbaere, et al., 
2017), rorab was regulated by MTH. Given these results it is likely that patients with 
AHDS may also suffer from vision related impairment.  
The results of our study strongly suggest a role for MTH in brain vascularization. For 
example, expression of flt4 was up-regulated in MCT8 morphants and rspoI, which is 
involved in wnt-vegfc-flt4 signalling during zebrafish angiogenesis (Gore et al., 
2011), also had an increased expression in RNA-seq (Log2fold increase 1.06, p<0.01, 
FDR=0.00005). The increase in both these genes in the MCT8 morphants suggests 
that MTH may modulate rspo1/wnt-vegfc-flt4 signalling during development of blood 
vessels. However, it remains unclear how MTH regulate rspo1/wnt-vegfc-flt4 
signalling and more work will be necessary to further clarify these observations. 
Taken together our results show that MTH: 1) participated in a variety of 
developmental signalling cascades during zebrafish embryogenesis; 2) were 
fundamental for late neural development, including brain compartmentalization, 
neuronal cell diversity, neuronal stem cell pool maintenance and function and; 3) 
were most likely involved in the vascularization of the brain. As a whole the results of 
our study suggest that MTH may integrate and coordinate the action of different 
signalling pathways and the processes that underpin the development of a fully 
functional organism. Given that: 1) the zebrafish MCT8 morphant had a similar set of 
T3-responsive genes to those found in in mice neural derived cells (Chatonnet et al,. 
2013; Chatonnet et al., 2015; Gil-Ibañez et al., 2015) and human AHDS patients 




typical of AHDS replicated, we propose that the zebrafish MCT8 knockdown model 
represents a suitable vertebrate experimental model to study human AHDS.  
 
2.4 METHODS 
2.4.1 Animal culture, embryo generation and microinjection of control and MCT8 
MO 
Adult zebrafish (AB strain) were maintained at 28ºC in a 14:10 (h:h) light:dark cycle 
and allowed to mate naturally in mating boxes as previously described (Campinho, 
Saraiva et al. 2014). Embryos were immediately collected after fertilization and 
microinjected at the 1-2-cell stage with 1nL of MO solution containing either 0.8pmol 
CTR MO or MCT8 MO as previously described(Campinho, Saraiva et al. 2014). The 
MCT8 MO has been fully validated in our previous publication(Campinho, Saraiva et 
al. 2014). The mortality of microinjected embryos was verified 10 hpf and morphant 
embryos were sampled at 25hpf when the morphant phenotype was clear. Seven 
independent experiments were carried out and each constituted a biological replicate. 
All sampling was carried out on live animals using the morphological characteristics 
of control embryos at 28ºC and followed the Kimmel classification scheme for 
staging zebrafish embryos (Kimmel et al., 1995). 
All experiments were approved by the ethical committee of CCMAR and were in 
accordance with the regulation of Directive 2010/63/EU (EU, 2010). 
 
2.4.2 Isolation of total RNA from experimental embryos 
 
For each biological replicate (n=7) experimental embryos (MCT8 MO and CTR MO 
embryos) at 25hpf were dechorinated, and pooled (~50 embryos per replicate) and 
preserved in RNAlater reagent (Sigma-Aldrich) and stored at -20ºC until use. 
Collected embryos were removed from RNAlater reagent and homogenised with a 
glass homogeniser and RNA extracted using an OMEGA Total RNA extraction kit I 
as described by the manufacturer. Total RNA was subjected to DNAse treatment 
using an Ambion Turbo DNAse kit as described by the manufacturer. The quality 
(RIN>8) and quantity of total RNA was verified with a BIO-RAD Experion Total 




per sample was shipped on dry-ice to the Oklahoma Medical Research Foundation 
NGS core facility for Illumina RNA-seq sequencing (USA). One microgram of total 
RNA per sample was amplified using a TrueSeq stranded pair-end Illumina kit 
following the standard protocol. Sequencing of mRNA was conducted on an Illumina 
HiSeq instrument and 50 base paired end reads generated. cDNA libraries from each 
of the 14 biological samples (n=7 controls and n=7 MCT8 MO zebrafish 25hpf) was 
randomized and then sequenced in two lanes of the HiSeq instrument, following an 
experimental balanced block design. 
 
2.4.3 Transcriptome assembly, annotation and analysis 
Quality control of raw reads and editing was performed with Trimgalore wrapper 
script version 0.3.3 (bioinformatics.babraham.ac.uk/projects/trim_galore) producing 
simple descriptive statistics and edited reads. Edited and cleaned reads were mapped 
to the zebrafish reference genome (zfish_GRCz10.80) with Tophat version 2.0.13 
(Trapnell, Roberts et al. 2012) using the sequence aligner bowtie2 version 
2.2.4(Langmead and Salzberg 2012), and the fasta and respective annotation file (.gtf) 
were downloaded from the Ensembl Genome Browser (http://ensembl.org). 
Assembled transcripts and gene transcript estimated abundance was generated in the 
Cufflinks workflow, version 2.2.1 (Trapnell et al., 2012) and used to establish 
differential gene expression using EdgeR version 3.12.1 (Robinson et al., 2010, 
Trapnel et al., 2012). Expression plots were designed using CummeRbund version 
2.16.0. Gene ontology (GO) analysis was performed using the enrichment analysis 
tool of the Gene Ontology Consortium (2015), and enriched GO terms were 
summarized with ReViGO (http://revigo.irb.hr) (Supek et al., 2011) by removing 
redundant GO terms. 
Pathway analysis was carried out using the Reactome V58 (www.reactome.org) 
(Croft et al., 2014) curated pathway resource. Mapping of differentially expressed 
genes and their expression fold change between control and MCT8 MOs was 
established using human pathway data. Pathways under the regulation of MTH were 






2.4.4 In situ validation of RNA-seq transcriptome analysis 
 
The neurod6b; wnt1; gad1b; and flt4 plasmids were kindly provided by Professors 
Monte Westerfield; Nobuyuki Ithoh and Ayumi Miyake; Brant Weinstein; Wolfgang 
Driever; and Schulte-Merker, respectively. 
The pax6a, rorab, her2, and wls primers (Table 1) were designed using as template 
the sequences from the assembled transcriptome. Isolation of the cDNA of selected 
genes was carried out using a Thermo DreamTaq PCR kit following the 
manufacturers recommendation, and the amplified fragment isolated by agarose gel 
band extraction after electrophoresis and cloned into a pGemT easy vector as 
described by the manufacturer (Promega). Isolated plasmid DNA was sequenced to 
confirm the identity of each clone by querying the NCBI nr nucleotide database using 
blastn. 
 
Table 2.1. Primer sequences used to isolate zebrafish pax6a, her2, rorab and wls cDNA. 
Gene Forward primer (5'-3') Reverse primer (5'-3') 
pax6a AGGCTGTTGGAACTATGCCTC CGTCGCGTTCTCACTGTAGTC 
her2 CACACACGCGAGCTCTGACAGC CACCTCTGCAGGCTACACATCTC 
rorab CTCAGATTGAGAGTATTCCCTG CTCTACTCTGGTCTTCTC CTG 
wls CTGGTCCACCTGGATGCCGTG GGGTAGAGGTTATTCTTGAGC 
 
One-cell stage embryos microinjected with either 0.8pmol of either CTR MO 
(GeneTools) or MCT8 MO (Campinho et al., 2014) were fixed at 25hpf and 48hpf in 
ice-cold 4%PFA/PBS overnight at 4ºC. The following day the samples were washed 
and transferred into 100% methanol and kept at -20ºC until used for WISH. WISH 
was carried out as previously described (Campinho et al., 2014). For image analysis 
samples were transferred to 100% glycerol and photographed under a stereoscope 
(Olympus) coupled to an OPTICA 3.0 digital colour camera. At least ten animals per 
stage and experimental condition were analysed. 
Rescue experiments were also carried out and one-cell stage embryos were injected 
with either 0.8pmol CTR MO, 0.8pmol MCT8 MO or 0.8pmol MCT8 MO+100pg 
mutated MCT8 mRNA as previously described (Campinho, Saraiva et al. 2014). 




fully validate MCT8 MO specificity in line with already published validations 
(Campinho et al., 2014). 
 
2.4.5 Immunohistochemistry 
Fluorescent immunohistochemistry against zebrafish Dla was carried out as 
previously described (Tallafuss et al., 2009). The primary antibody fluorescent 
labelling was carried out using a goat anti-mouse IgG-CF594 (Sigma) anti-serum 
(1/400). Fluorescent imaging of the hindbrain and SC was carried out using a Zeiss 
Z2 microscope coupled to a Zeiss HRm digital camera. Hindbrain image stacks were 
deconvoluted in SVI Huygens software. Hindbrain and SC maximum projections 
were generated in FIJI (Schindelin  et al., 2012). 
 
2.4.6 Data availability 
All RNA-seq data generated is available through the BioProjects portal at the NCBI 
website with the accession number PRJNA381309. 
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2.6 SUPPLEMENTARY DATA 
 
Supplementary Table 1. Enriched statistical significant non-redundant GO categories for 
Molecular and Biological Function used for ReViGO. Table presents plot sizes of each GO 
category and respective log10 p-value.  
Molecular Function     
GOterm_ID description plot_size 
log10 p-
value 
GO:0000988 protein binding transcription factor activity 2.233 -4.51 
GO:0000989 
transcription factor binding transcription 
factor activity 
2.233 -4.3089 
GO:0003682 chromatin binding 2.338 -7.153 
GO:0003824 catalytic activity 4.105 -13.5952 
GO:0004984 olfactory receptor activity 2.354 -17.7328 
GO:0005488 binding 4.332 -35.0472 
GO:0016740 transferase activity 3.7 -2.5884 
GO:0060089 molecular transducer activity 3.471 -4.556 
GO:0042802 identical protein binding 2.053 -2.5214 
GO:0003723 RNA binding 2.977 -4.3536 
GO:0048037 cofactor binding 2.728 -1.4976 
GO:0005515 protein binding 3.57 -33.4672 
GO:0044877 macromolecular complex binding 3.358 -7.3161 
GO:1901363 heterocyclic compound binding 4.107 -9.466 
GO:0097367 carbohydrate derivative binding 3.716 -1.8794 
GO:0043168 anion binding 3.762 -3.8356 
GO:0036094 small molecule binding 3.801 -6.5361 
GO:0097159 organic cyclic compound binding 4.108 -9.4535 
GO:0043167 ion binding 4.138 -6.58 
GO:0003676 nucleic acid binding 3.862 -6.4225 
GO:0044822 poly(A) RNA binding 1.74 -4.3883 
GO:0000975 regulatory region DNA binding 2.057 -2.3788 
GO:0001067 regulatory region nucleic acid binding 2.057 -2.3516 
GO:0016787 hydrolase activity 3.685 -1.757 
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GO:0000166 nucleotide binding 3.789 -4.5735 
GO:1901265 nucleoside phosphate binding 3.789 -4.5544 
GO:0003677 DNA binding 3.514 -1.4921 
Biological Function 
GOterm_ID description plot_size 
log10 p-
value 
GO:0000003 reproduction 2.152 -1.4123 
GO:0008152 metabolic process 4.275 -25.9281 
GO:0009987 cellular process 4.324 -31.4001 
GO:0022414 reproductive process 2.137 -1.4522 
GO:0032501 multicellular organismal process 3.592 -7.821 
GO:0032502 developmental process 3.536 -20.0888 
GO:0044699 single-organism process 4.254 -20.767 
GO:0048523 negative regulation of cellular process 2.929 -12.5186 
GO:0050907 
detection of chemical stimulus involved in 
sensory perception 
2.362 -19.7932 
GO:0051179 localization 3.699 -1.9245 
GO:0065007 biological regulation 4.051 -6.3737 
GO:0071840 
cellular component organization or 
biogenesis 
3.439 -21.3251 
GO:0006259 DNA metabolic process 2.92 -5.4855 
GO:0043933 
macromolecular complex subunit 
organization 
3.011 -8.699 
GO:0060322 head development 1.23 -5.007 
GO:0007049 cell cycle 2.903 -10.2933 
GO:0071704 organic substance metabolic process 4.165 -24.6402 
GO:0051301 cell division 2.568 -1.7471 
GO:0022402 cell cycle process 2.621 -9.2013 
GO:0044763 single-organism cellular process 4.16 -25.2668 
GO:0009056 catabolic process 3.388 -5.5867 
GO:1901575 organic substance catabolic process 3.369 -3.9469 
GO:0043436 oxoacid metabolic process 2.911 -3.5702 
GO:0009058 biosynthetic process 3.755 -13.0937 
Chapter 2 – Supplementary data 
77 
 
GO:0042127 regulation of cell proliferation 2.137 -1.7352 
GO:0006807 nitrogen compound metabolic process 3.866 -20.4737 
GO:0010941 regulation of cell death 2.553 -3.1244 
GO:0065008 regulation of biological quality 3.065 -2.1029 
GO:0048519 negative regulation of biological process 2.975 -13.0872 
GO:0048518 positive regulation of biological process 2.938 -8.3116 
GO:0006457 protein folding 2.417 -3.2725 
GO:0044710 single-organism metabolic process 3.803 -5.1296 
GO:0048522 positive regulation of cellular process 2.816 -9.9318 
GO:0051606 detection of stimulus 2.511 -11.0237 
GO:0043170 macromolecule metabolic process 4.046 -18.0841 
GO:0033554 cellular response to stress 2.782 -8.0585 
GO:0044237 cellular metabolic process 4.117 -23.7282 
GO:0019222 regulation of metabolic process 3.675 -8.9431 
GO:0044238 primary metabolic process 4.157 -20.9355 
GO:0006950 response to stress 3.066 -2.2083 
GO:0003006 
developmental process involved in 
reproduction 
1.94 -1.9586 
GO:1901360 organic cyclic compound metabolic process 3.848 -14.1871 
GO:0018193 peptidyl-amino acid modification 2.747 -2.5072 
GO:0007186 
G-protein coupled receptor signaling 
pathway 
3.284 -12.8268 
GO:0044260 cellular macromolecule metabolic process 3.974 -15.3862 
GO:0006260 DNA replication 2.303 -3.4225 
GO:0046483 heterocycle metabolic process 3.841 -13.9747 
GO:0006725 
cellular aromatic compound metabolic 
process 
3.841 -13.7496 
GO:0043414 macromolecule methylation 2.356 -1.3251 




















regulated genes in 
Reactome categories 
R-HSA-428542 Regulation of Commissural axon 
pathfinding by Slit and Robo 
4 4 100 
R-HSA-3304347 Loss of Function of SMAD4 in 
Cancer 
3 3 100 
R-HSA-141424 Amplification of signal from the 
kinetochores 
2 2 100 
R-HSA-194306 Neurophilin interactions with VEGF 
and VEGFR 
3 4 75 
R-HSA-1980148 Signalling by NOTCH3 7 12 58 
R-HSA-3238698 Regulation of WNT ligand 
biogenesis and trafficking 
10 28 36 
R-HSA-1980143 Signalling by NOTCH1 26 82 32 
R-HSA-1474244 Extracellular matrix organization 101 320 31 
R-HSA-1912422 Pre-NOTCH Expression and 
Processing 
20 76 26 
R-HSA-5358346 Hedgehog ligand biogenesis 16 72 22 
R-HSA-5610787 Hedgehog 'off' state 26 122 21 
R-HSA-5632684 Hedgehog 'on' state 18 90 20 
R-HSA-201681 TCF dependent signalling in 
response to WNT 
41 215 19 
R-HSA-3858494 Beta-catenin independent WNT 
signalling 
31 163 19 
R-HSA-195253 Degradation of beta-catenin by the 
destruction complex 
14 89 16 




Supplementary Figure 1. Zebrafish MTHs-dependent transcriptome at 25hpf. A) FPKM 
pairwise Scatter plot of differential expressed genes between control and MCT8 morphants at 
25hpf (p<0.01; FDR<0.05). B) Biological process GO enrichment analysis slimmed with 
semantic clustered with REVIGO, Circle size represent frequency of GO terms and color scale 




Supplementary Figure 2. Reactome human pathway for Activated Notch 1 signalling. In the 
first part of the pathway, the activated Notch 1 transmits signal to the nucleus, 42% of the 
entities involved are modified by the lack of maternal thyroid hormone. Inside the nucleoplasm 
Notch 1 intracellular domain regulates the transcription of a series of target genes, here the 
outcome of mct8 “knock-down” is reflected in a change in expression of 30% of the entities 
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involved. Proteins or protein complexes highlighted in blue correspond to differentially 
expressed genes in the maternal thyroid hormone dataset. For detailed diagram key please refer 
to Reactome (http://www.reactome.org/PathwayBrowser/#/R-HSA-1980143). 
 
 
Supplementary Figure 3. Reactome human pathway for WNT ligand biogenesis and 
trafficking. Besides having an effect in the expression of several WNT ligands, MCT8 zebrafish 
morphants are show differences in proteins involved in different aspects of WNT trafficking 
and release form expressing cell. Proteins or protein complexes highlighted in blue correspond 
to differentially expressed genes in the maternal thyroid hormone dataset. For detailed diagram 
key please refer to Reactome (http://www.reactome.org/PathwayBrowser/#/R-HSA-3238698). 




Supplementary Figure 4. MTHs regulate WNT and NOTCH pathway genes during zebrafish 
embryogenesis. WISH expression of differentially expressed genes (p<0.01; FDR 5%) and 
comparison between control and MCT8 morphant zebrafish embryos at 48hpf. (A)WISH 
expression analysis of wnt1. Lateral (first panel) and dorsal (second panel) images of brain in 
control and MCT8 morphant zebrafish embryos at 48hpf. Red arrows denote wnt1 positive cells 
I the ventral hindbrain. (B) WNT1 protein secretion regulator - wls WISH expression, lateral 
(first panel) and dorsal (second panel) images of brain and lateral images of spinal cord in 
control and MCT8 morphant zebrafish embryos at 48hpf. Red arrows denote wls-expressing 
cells in the spinal cord. (C) Fluorescent WIHC expression analysis of DeltaA NOTCH ligand 
in hindbrain and spinal cord of control and MCT8 morphant embryos at 48hpf.  (D) WISH 
expression analysis of of NOTCH pathway target gene her2 in control and MCT8 morphant 
zebrafish embryos at 48hpf. Lateral and dorsal images of brain (first and second panels) of 
analysed embryos are presented and lateral images of spinal cord are shown (lower panel). hb-
hindbrain; mb-midbrain; nt-notochord In A,B,D scale bar represents 100m. In C scale bar 
represents 25m. 




Supplementary Figure 5. Expression of differentially expressed genes (p<0.01; FDR 5%) 
involved in zebrafish neural development. Comparison between control and MCT8 morphant 
zebrafish embryos at 48hpf. (A) WISH expression analysis of neural progenitor marker pax6a, 
this gene is regulated in a context dependent manner by MTHs during zebrafish embryogenesis. 
Lateral images of the hindbrain and spinal cord of analysed embryos are presented (B) WISH 
expression analysis of neural progenitor factor neurod6b. This gene is regulated by MTH in the 
mid- and hindbrain. Lateral (upper panel) and dorsal images (lower panel) of the brain of 
analysed embryos is presented. hb-hindbrain, (C) WISH expression analysis of Retinoic orphan 
receptor ab (rorab). Regulation by MTH occurs in the midbrain and eyes. Lateral (first panel) 
and dorsal images (second panel) of the brain of analysed embryos are presented.  Red 
arrowheads indicate the optic tectum. (D) WISH analysis of expression of inhibitory neuron 
marker gad1b, showing that inhibitory neurons development is dependent of MTHs in zebrafish 
embryogenesis. Lateral and dorsal images of brain (first and second panels) of analysed 
embryos are presented and lateral images of spinal cord are shown (lower panel). Red 
arrowhead indicates the midbrain-hindbrain boundary (MHB). nt-notochord, md – midbrain, 
fb – forebrain, ey – eye. In all images scale bar represents 100m. 
 
 




Supplementary Figure 6. MTHs are important for angiogenesis in zebrafish during 
development, comparison between control and MCT8 morphant zebrafish embryos at 48hpf 
(A). WISH expression analysis of flt4 shows that MTHs regulate flt4 expression in a context 
dependent manner.  Lateral images of the head (first panel) and trunk (second panel) are shown. 




Supplementary Figure 7. Exogenous supply of MCT8 mRNA recovered the expression of 
genes affected by MCT8 MO to control levels in 25hpf zebrafish. (A) WISH expression 
analysis of wnt1. Lateral images of brain in control, MCT8 morphant and co-injection of MCT8 
mRNA and MCT8 morpholino in zebrafish embryos at 25hpf. (B) WNT1 protein secretion 
regulator - wls WISH expression, lateral images of brain and lateral images of spinal cord in 
control, MCT8 morphant and co-injection of MCT8 mRNA and MCT8 morpholino in zebrafish 
embryos at 25hpf. (C) Fluorescent WIHC expression analysis of DeltaA NOTCH ligand in 
hindbrain and spinal cord of control, MCT8 morphant and co-injection of MCT8 mRNA and 
MCT8 morpholino in embryos at 25hpf.  (D) WISH expression analysis of of NOTCH pathway 
target gene her2 in control, MCT8 morphant and co-injection of MCT8 mRNA and MCT8 
morpholino in zebrafish embryos at 25hpf. Lateral images of brain and spinal cord of analysed 
embryos are presented. In A,B,D scale bar represents 100m. In C scale bar represents 25m. 
 




Supplementary Figure 8. Exogenous supply of MCT8 mRNA recovered the expression of 
genes affected by MCT8 MO to control levels in 25hpf zebrafish. WISH expression analysis 
of neural genes in control, MCT8 morphant and co-injection of MCT8 mRNA and MCT8 
morpholino.  (A) WISH expression analysis of neural progenitor marker pax6a in control. 
Lateral images of the hindbrain and spinal cord of analysed embryos are presented. (B) WISH 
expression analysis of neural progenitor factor neurod6b. Lateral (upper panel) and dorsal 
images (lower panel) of the brain of analysed embryos are presented. (C) WISH expression 
analysis of retinoic orphan receptor ab (rorab). Lateral images of the brain of analysed 
embryos are presented.  (D) WISH analysis of expression of inhibitory neuron marker gad1b. 















Supplementary Figure 9. Exogenous supply of MCT8 mRNA recovered the expression of flt4 
to control levels in 25hpf zebrafish. WISH expression analysis of flt4 in control, MCT8 
morphant and co-injection of MCT8 mRNA and MCT8 morpholino.   Lateral images of the 





MATERNAL THYROID HORMONE TIMING OF ACTION DURING 
NEUROGENESIS IN ZEBRAFISH 
 
ABSTRACT 
Thyroid hormones (TH) are essential for embryonic brain development. During this 
period maternal TH are the sole supply to the embryo and even mild deficiency levels in 
the mothers have been associated with unfavourable neurological outcomes in the 
offspring. MCT8 is the main thyroid hormone transporter present in the brain and vascular 
tissue during embryonic stages in zebrafish. Mutations of MCT8, a TH-specific 
membrane transporter present in the developing brain, is the cause of Allan-Herndon-
Dudley syndrome (AHDS) in humans, which is characterized by severe mental 
retardation, global developmental delay, lack of speech and severe neuromotor 
impairment. In this study MCT8 knockdown was used to block maternal thyroid hormone 
(MTH) cellular uptake, to establish the molecular mechanisms underlying TH 
developmental actions. Transcriptome analysis of MCT8 morphants at 25hpf revealed 
that genes involved in neurogenesis, including Notch pathway components, were 
modulated by MTH (Chapter2). In the present chapter genes involved in neurogenesis 
were analysed from the start of segmentation through hatch, to determine when MTH are 
required for appropriate CNS development. We show MTH are involved in the regulation 
of Notch pathway components such as notch1a, dla, dld, her2 and her4 during 
neurogenesis, whereas neuroectodermal genes are not affected. Overall MTH act in early 
stages of neurogenesis by promoting the maintenance of specific neural progenitor 
populations. The results establish the developmental time-frame for MTH actions in 














The outcomes of maternal thyroid hormone (MTH) deficiency in offspring are diverse 
and dependent on the timing and severity of the deficiency (Zoeller and Rovet, 2004).  
Although thyroid hormones (TH) metabolism is highly regulated during vertebrate 
development the embryo depends on a precise supply of TH for appropriate CNS 
development. It is well established that TH influence neurogenesis  (Bernal, 2015; 
Williams, 2008). Events described as being influenced by TH during the foetal period in 
mammals comprise cellular proliferation, migration, and neuronal and glial cell 
differentiation (Williams, 2008). It is already well established that T3 acts in the 
mammalian cortex only after 7-8 weeks (human) and in E13.5 (mouse) at the time the 
symmetrical division of neuroblasts occurs. Before this period, it is thought that all 
cortical neurogenesis is independent of TH. T3 has important influences on gene 
expression of cortical neuroblast cells and on matrix and extracellular proteins involved 
in migration of the newly formed neurons (Bernal, 2016). In mouse, the genetic response 
to TH in a specific cellular context has been identified (Chatonnet et al., 2015; Gil-Ibañez 
et al., 2015) and the phenotypic outcomes of inappropriate TH supply are described 
(Salazar et al., 2019; Zoeller and Rovet, 2004). However, the underlying mechanisms of 
TH action are less understood.  
The importance in human development of an appropriate supply of MTH is shown by 
Alan-Herndon-Dudley Syndrome (AHDS), which is caused by mutations in MCT8, a 
specific cellular transporter of TH. This syndrome is characterized by developmental 
delay, intellectual disability, poor language and walking skills and hypotonia (Remerand 
et al., 2019). Overall, the severity of the syndrome increases with mutations with a more 
severe effect on TH cellular uptake. To understand the origin of AHDS a better 
understanding of the role of TH in brain development is required.  
Zebrafish has been established as a model for TH study, high concentrations  of 
maternally deposited TH have been found in their eggs (Chang et al. 2012) as well as 
many transcripts of components of thyroid axis (Vergauwen et al. 2018; White et al. 
2017).  Known components of the thyroid axis have been characterized in zebrafish and 
these are structurally and functionally comparable with higher vertebrates (Blanton & 




AHDS study (Campinho et al. 2014; De Vrieze et al. 2014; Vatine et al. 2013; Zada et 
al. 2014). 
The process of vertebrate neurogenesis is complex and involves a number of finely tuned 
steps, in order to generate all the cell types and the interconnections needed for 
appropriate CNS performance. The first step of neurogenesis is neural induction, giving 
rise to the establishment of the neural plate, B1 sox genes are a family of genes encoding 
HMG (high mobility group) domain transcription factors that play major roles during this 
process (Pevny and Placzek, 2005). In zebrafish this family is composed of: Sox1a/b, 
Sox2, Sox3, Sox19a and Sox19b. Their differential expression patterns point to a role in 
defining the neural regionalization: sox2 is expressed strongly in the presumptive 
forebrain and weakly in the presumptive spinal cord; sox3 is expressed in the presumptive 
forebrain, hindbrain, and spinal cord, whereas the expression of sox19a and sox19b is 
identical and covers the entire presumptive neuroectoderm of the embryo (Okuda et al., 
2006).  sox19b is of maternal origin and is one of the transcription factors required for 
genome activation in the zebrafish (Pálfy et al., 2019).  Individual loss of function studies 
have been inconclusive about the function of these genes, indicating that the B1 Sox genes 
may be functionally redundant. Nevertheless, quadruple knock down (sox2/3/19a/19b) in 
zebrafish revealed this family of genes is involved in: early dorsoventral patterning, 
gastrulation movements, neural differentiation and neural patterning (Okuda et al., 2010). 
The specification of neuron progenitor cells is the next step in the neurogenic cascade, 
for which Neurogenin1 (neurog1) is a characteristic marker.  Neurogenin1 belongs to the 
basic Helix-Loop-Helix (bHLH) proteins, and is one of the first proneural genes to be 
expressed at 75% gastrula-bud stage, in primary neurons, with the expression field 
increasing to cover the entire proneuronal domains at segmentation stages (Blader et al., 
1997). Loss of function studies of neurog1 reveal decreased formation of neurons, with 
different sub-populations showing differential requirements of neurogenin 1. In contrast, 
overexpression of neurog1 resulted in the formation of ectopic neurons (Blader et al., 
1997; Cau and Wilson, 2003; Cornell and Eisen, 2002). 
Anatomical brain subdivisions originate from specified territories of gene expression in 
the primitive neuroectoderm, conferring positional information that subdivides the neural 
plate. Zebrafish MCT8MO embryos have alterations in the midbrain-hindbrain-boundary 
(MHB) anatomy (Campinho et al., 2014). The formation of the MHB in zebrafish 




loops which establish non-overlapping domains of Wnt1 and Fgf8 on either side of the 
MHB and the consequent specification of the hindbrain (Rhinn et al., 2009). 
Transcriptome studies of the zebrafish MCT8MO identify Notch as a key signalling 
pathway strongly influenced by MTH and an interesting candidate for further studies (see 
Chapter 2). The MHB organizer secretes signalling molecules that influence patterning in 
the adjacent tissue along the rostro-caudal axis of the brain, such as the hindbrain and 
spinal cord (Rhinn et al., 2003). The disruption in MHB observed in MCT8MO embryos 
may also influence formation of the hindbrain.  
The Notch pathway is an evolutionary conserved signalling system that is essential for 
normal embryonic/neural development in vertebrates. It is involved in the temporal 
control of progenitor cell proliferation, differentiation and fate in a wide range of cell 
types at different stages during cell lineage progression (Andersson et al., 2011). The 
Notch pathway also functions to regulate tissue homeostasis and maintenance of stem 
cells in adults (Fiuza and Arias, 2007). The conventional view of this pathway is that 
Notch receptor activation inhibits neurogenesis to maintain neural stem and/or progenitor 
cell character, and in some cases to promote glyogenesis (Pierfelice et al., 2011). This is 
achieved by a process routinely referred to as ‘‘lateral inhibition” and involves factors 
expressed in neighbouring cells. In summary cells undergoing neuronal differentiation 
upregulate Notch ligands (delta or jagged), activating Notch receptors on neighbouring 
cells. This triggers the proteolytic cleavage of the Notch intracellular domain (NICD) 
which enters the nucleus. NICD then interacts with the DNA binding protein CSL 
[CBF/RBP-J, Su(H), LAG-1], leading to the transcription of target genes, Hairy and 
Enhancer-of-split [Hairy/ E(spl)]. These are transcription factors belonging to the bHLH 
superfamily that suppress the expression of proneural genes such as Neurogenin1 and 
Achaete-scute homolog 1, resulting in inhibition of neurogenesis, maintenance of neural 
stem/progenitor cell identity until later stages, in order to ensure  that sufficient numbers 
of cells with a full cell- type diversity are generated (Cheng et al., 2015; Louvi and 
Artavanis-Tsakonas, 2006).  
In Chapter 2 we established a transcriptome approach to analyse the effects of impaired 
MTH supply to zebrafish embryos. Of note was the effect on genes belonging to key 
pathways of neurogenesis such as WNT, HH and Notch. The phenotype observed in 
MCT8MO embryos with disrupted MTH cellular uptake revealed it is essential for 




development and brain compartmentalization. However, it was not determined in 
zebrafish at what point in the neurogenic differentiation cascade that MTH are necessary. 
It remains to be known if the MTH are needed for early specification of neuroectoderm/ 
maintenance of stem cells, or later during the maintenance/fate choice of neuron 
progenitors into specific neuron populations? In the present chapter work was performed 
to determine the timing MTH action during CNS development in zebrafish. The approach 
taken was to characterize the temporal expression pattern of genes identified (Chapter 2) 
as being modulated by TH. 
3.2. RESULTS 
To determine the developmental time window of MTH action, differentially expressed 
genes identified from RNA-seq analysis of MCT8 morphant embryos at 25hpf (NCBI –
BioProjects: PRJNA381309) and previously mapped to specific events in the 
neurogenesis cascade (Chapter 2) were analysed by qPCR. The selected genes and the 
fold change obtained in RNA-seq, are indicated in Figure 3.1. 
Figure 3.1 - Quantification of genes of interest mapped to the neurogenesis cascade, 
differentially expressed between control and MCT8MO zebrafish, identified in RNA-Seq 
expressed as Log2 of fold change (n=7, p<0.01, FDR<0.0001). 
Bibliographic searches were used to identify the time points for determination of MTH 
action (Table 3.1). The criteria for selection was based on filtering for the presence of 
mct8 mRNA only after 10hpf (Campinho et al., 2014) and known neurogenesis events. 





Table 3.1 – Zebrafish age time points selected for qPCR analysis of selected genes (Moens & 
Prince, 2002; Schmidt et al., 2013, Préau et al., 2015). 
AGE (HPF) EVENT 
10 Beginning of neuroectodermal differentiation; Expression of MCT8 
12 Primary neurons and glial cells present 
18 Segmentation of the hindbrain terminated 
22 End of first neurogenic wave; Muscular twitches present 
25 RNA-seq data validation;  
30 Motor reflexes present; second neurogenic wave underway 
36 Motility of the embryo 
48 End of embryonic brain development 
 
3.2.1 Establishment and differentiation of the neural plate and neuron progenitors 
Three genes recognised for their role in the specification and transdifferentiaton of the 
embryonic ectoderm into the neuroectoderm lineage were analysed: sox3, sox19a and 
sox19b across development (Okuda et al., 2010; Schmidt et al., 2013), to determine if 
MTH affects neural induction and contributes to the establishment of the neural plate by 
10hpf. The candidate genes, sox3, sox19a and sox19b, were all downregulated at 25 hpf 
in the MCT8MO RNA-seq data (Fig. 3.1) indicating, a possible role of MTH at this stage 
in neural differentiation and maintenance of the neuroectodermal progenitor pool. Gene 
expression analysis by qPCR (Fig. 3.2 A-C) showed that these genes were not altered in 
MCT8MO embryos during neuroectoderm induction or primary neurogenesis (10hpf-
18hpf). The results suggest that MTH do not play a role in the maintenance of B1 Sox 
cells during neural plate establishment and neural induction. 
Expression of sox19a and sox19b is decreased in MCT8MO embryos at 22hpf, while sox3 
and sox19b show a decreased expression also at 25hpf, in accordance with RNA-seq data 
(Fig. 3.1), although this change does not reach statistical significance in the qPCR 
approach. 
To test the hypothesis that MTH act on the specification of identity of progenitor cells, 
the expression of neurog1, a pro-neural gene that is expressed by intermediate neuronal 
precursors and neuron committed cells, were  quantified throughout embryo development 
up to hatch. Gene expression analysis by qPCR (Fig. 3.2 D) showed no differences in 
neurog1 expression in MCT8MO embryos with regards to establishment of primary 
neurons, up until 18hpf. Nevertheless, at 22 hpf and 25hpf expression was decreased 




populations during late stages of primary neurogenesis, while from 30hpf until hatching, 
no differences in expression were found.  
 
Figure 3.2 – MTH is necessary for the regulation of Sox1B gene family at later 
neurodevelopmental stages. A – sox3 is downregulated at 25hpf although this was not confirmed 
by qPCR. B - sox19a is downregulated at 22hpf as is C- sox19b. D- The pro-neural gene neurog1 
is downregulated at 22hpf and 25hpf in MCT8MO. Data is represented as fold change of 
MCT8MO expression relative to the CTRLMO. Boxes represent the interquartile range ± sd. 
Statistical significance was determined using a t-test: two-sample, assuming equal variances. N = 
8. *p<0.05.  
 
3.2.2 Neural patterning and specification 
The midbrain-hindbrain-barrier (MHB) is one of the structures affected in MCT8MO  
embryos, showing a less defined organization (Campinho et al., 2014). In the present 
chapter an anomalous segmentation pattern of the hindbrain was also identified in the 
MCT8MO compared to CTRLMO at 48hpf (Fig. 3.3 A, B). By staining ZRF-1 protein, 
present in glial cells, a notable feature of the MHB in the MCT8MO was the inaccurate 
distribution of glial cell fibres, which form the rhombomere boundaries (Figure 3.3 B). 
To determine if MTH are involved in patterning and specification of neural regions, 
namely the hindbrain, the genes selected for analysis were: hoxb1b, which belongs to a 
family of genes crucial for establishing segmental patterning of the vertebrate hindbrain 




Zigman et al., 2014); and gbx1 which plays a role in MHB formation, and is a mediator 
of Wnt8 signaling during hindbrain patterning (Rhinn et al., 2009; Su et al., 2014). 
 
Figure 3.3 – Hindbrain rhombomere patterning is disrupted in MCT8MO individuals at 
48hpf. ZFR-1 staining of the hindbrain showing the glial fibres distribution, limiting  the 
rhombomeres boundary. A- 48hpf CTRLMO embryo where rhombomere boundaries are clearly 
noticeable. r1-r7: rhombomeres 1 to 7. B- 48hpf MCT8MO display accumulation of glial fibres 
in the ventral portion of the hindbrain (arrowheads) and poorly defined glial bundles limiting  
rhombomeres showing anomalous boundary formation. Dashed line: midbrain–hindbrain 
boundary. Scale bar: 50 µm. 
RNA-seq data showed that hoxb1b was upregulated in MCT8MO embryos (Fig. 3.1), 
which might be indicative of an expansion of its field of expression. By qPCR from 10 to 
48hpf, no significant change in hoxb1b gene expression was observed in MCT8MO 
embryos relative to the control (Fig. 3.4 A), although at 25hpf a downregulation trend 
was observed in MCT8MO embryos. 
 
Figure 3.4 – MTH has a different effect on genes involved in hindbrain segmentation and 
midbrain-hindbrain boundary formation.  A - hoxb1b, one of the genes that has a role in 
rhombomere formation was not altered by MTH levels. B - MHB gene gbx1 was downregulated 
at 22 and 25hpf. The data are presented as fold change of MCT8MO expression relative to the 
CTRLMO. Boxes represent the interquartile range ± sd. Statistical significance was determined 
by a t-test: two-sample, assuming equal variance. N = 8. *p<0.05, **p<0.01.  
 
Analysis of gbx1, a gene involved in the establishment of the MHB and hindbrain 




gbx1 gene transcripts across zebrafish embryo development revealed expression was 
significantly down-regulated in MCT8MO compared to CTRLMO at 18, 22 and 25hpf 
(Fig. 3.4 B). 
3.2.3 Notch pathway components 
Cell fate determination by Notch involves signalling through different sets of Notch 
ligand–receptor combinations that occur simultaneously during development in zebrafish  
(Okigawa et al., 2014). Several genes belonging to different components of this signalling 
pathway were selected to permit a more precise identification of the developmental stage 
at which the MTH act.  
The RNA-seq data revealed that the expression of notch1a and notch1b receptors present 
in neural stem cells was downregulated in 25hpf MCT8MO embryos (Fig. 3.1). Gene 
expression analysis by qPCR revealed that the only significant difference between 
MCT8MO and CTRL zebrafish occurred for notch1a at 22hpf (Fig. 3.5 A).  
Other analysed components of Notch signalling were her2 and her4, these genes are direct 
targets of Notch signalling and are involved in the maintenance and proliferation of 
progenitor cell identity. In Chapter 2 her2 expressing cells were shown to have decreased 
by WISH staining and has altered distribution at 25 and 48hpf between CTRLMO and 
MCT8MO zebrafish.  Herein, her2 was found to be downregulated in MCT8MO embryos 
at 12, 22 and 25hpf (Fig. 3.5 C), compared to the CTRLMO demonstrating an effect of 
MTH on the Notch pathway during early neurogenesis. her 4 is necessary in zebrafish for 
the formation of primary neurons under Notch 1 signalling (Takke et al., 1999). The 
downregulation of her4 at 22, 25 and 30hpf in the MCT8MO suggests the involvement 
of MTH in the formation of primary neurons  (Fig. 3.5 D).  
Notch ligands dla and dld, which are expressed in differentiating neural cells, and are 
involved in specification of cell pool domains (Mahler et al., 2014), showed a significant 
decrease in expression in MCT8MO embryos at 25hpf (Fig. 3.5 E, F). The 
downregulation of dla is observable by 12hpf, during primary neurogenesis and also 
occurs at 22 and 25hpf (Fig. 3.5 E), while the decrease in dld expression only occurs later 
in neurogenesis at 22, 25 and 30hpf, this last already during secondary neurogenesis (Fig. 






Figure 3.5 – Notch pathway components are altered by lack of MTH. A – notch1a is 
downregulated at 22hpf in MCT8MO while B - notch1b is unaffected. C – Notch signalling target 
gene her2 is downregulated at 12, 22 and 25hpf. D – her4, another Notch target gene is 
downregulated at 22, 25 and 30hpf. E - Notch ligand dla is downregulated at 12, 22 and 25 hpf. 
F- dld is downregulated at 22, 25hpf and 30hpf. Data is represented as fold change of MCT8MO 
expression relative to the CTRLMO. Boxes represent the interquartile range ± sd. Statistical 
significance determined by a t-test: two-sample, assuming equal variances (n = 8). *p<0.05; 
**p<0.01.  
 
Jag2a also a ligand in Notch signalling, was upregulated in the results of RNA-seq for 
MCT8MO relative to the CTRL (Fig. 3.1). The temporal pattern of expression determined 
by qPCR during development for jag2a was opposite to the delta ligands, dla and dld, 
since it was upregulated at 18hpf and again at 36hpf (Fig. 3.6).  Interestingly jag1b 
another Notch ligand was also upregulated, whereas jag1a was downregulated at 25hpf 





Figure 3.6 – Notch ligand jag2a is upregulated in MCT8MO embryos at specific stages. 
jag2a is upregulated at 18, and 36hpf. Data is represented as fold change of MCT8MO expression 
relative to the CTRLMO. Boxes represent the interquartile range ±sd. Statistical significance 
determined by t-test: two-sample, assuming equal variances (n=8). *p<0.05.  
3.2.4 MTH participates in progenitor cell maintenance 
An effect of lack of MTH was evident at early stages of zebrafish development. This was 
revealed by the similar modified pattern of expression detected by qPCR of genes like 
dla and her2 during development of MCT8MO embryos. To understand at a cellular level 
how changes in gene expression detected by qPCR were reflected by tissue and cell 
distribution, dla and her2, were mapped by fluorescent in situ hybridization in the spinal 
cord during development (Fig. 3.7A, B). At 12 hpf her 2 cells were scattered along the 
spinal cord, and the staining volume was decreased in the MCT8MO group (Fig. 3.7 C), 
with the more anterior spinal cord showing less staining (arrowhead in Fig 3.7 A). By 
18hpf her2 was highly affected by the lack of MTH in the MCT8MO, with fewer cells 
detected in the spinal cord (Fig. 3.7 A, B). At 22 hpf the reduction in her2 positive cells 
was not so evident, but the staining pattern was modified and less evenly distributed along 
the spinal cord (Fig. 3.7 A left panel, B). 
Evaluation of neuronal progenitor cells was established using dla and revealed that the 
staining volume was decreased in MCT8MO embryos relative to the CTRL during early 
neurogenesis, 10hpf. By 12 hpf dla  had a similar distribution in MCT8MO zebrafish 
embryos to that recorded in previous data of control zebrafish embryos (Takke et al., 
1999) and was present throughout the neurogenic regions that originate the neural tube 
(Fig.3.7 A right panel). The quantified volume of staining  was similar (Fig. 3.7 D) and 
the only apparent difference noted between CTRLMO and MCT8MO was a disordered 
dla cell distribution in the sensory and interneuron neurogenic regions (arrows in Fig. 3.7 
A right panel).  





















Fig 3.7 - The volume of her2 and dla stained cells in the spinal cord of MCT8MO embryos 
is decreased at specific stages of development in MCT8MO. A- Representative maximum 
projection images acquired by light-sheet microscopy of her2 and dla staining of the spinal cord 
at 12 (lateral view), 18 and 22 (dorsal view) hpf using fluorescent in situ hybridization. Scale bar  
12hpf - 50 μm; 18, 22, 25hpf - 20 μm. B – Identification of the measured areas of the spinal cord 
(dashed rectangles) at various stages of zebrafish development. C – Quantification of the volume 
of her2 stained cells. D - Quantification of the volume of dla stained cells. CTRLMO (CTRL), 
MCT8MO (MO). N = 5-14. Results are presented as mean ± SD; Statistical significance 




At 18hpf there was an increase in the dla staining volume in MCT8MO relative to 
CTRLMO but at 22 hpf and 25hpf (Fig. 3.7 A left panel, D) the volume was similar.  
3.3. DISCUSSION 
The aim of the present study was to investigate when MCT8 dependent MTH actions 
occur during zebrafish nervous system development. To achieve this, the transcriptome 
data in Chapter 2, which identified differentially expressed transcripts in MCT8MO and 
CTRL zebrafish embryos, 25 hpf was used. MTH regulated genes involved in neurogenic 
events were identified and selected for more detailed analysis during development using 
qPCR and whole mount in situ hybridization. Overall, the particularly important 
timeframe for the action of MTH during zebrafish embryogenesis was between 22 and 25 
hpf.  
3.3.1. MTH action  in Neural plate establishment and NEC maintenance 
MCT8MO embryos do not show major malformations that could arise from impaired 
ectoderm/neuroectoderm formation. Nevertheless the observed phenotype of 
microcephaly (see Chapter 2, Campinho et al., 2014) could be indicative of a change in 
the  ectoderm/neuroectoderm equilibrium, due to the loss of specific neuronal 
populations.  
SoxB1 members are important factors for maintaining the pool of neural stem cells in 
early gastrulation stages of zebrafish embryos (Schmidt et al., 2013). However, during 
early gastrulation stages MCT8 was not detected, suggesting MTH are less important and 
so this stage was not analysed. From the data obtained a role for MTH in early neural 
specification at 10hpf was not observed. However, due to the know temporal/spatial 
action of TH, an action on specific SoxB1-expressing neuroectodermal cell subsets 
maintained throughout neurogenesis is possible. The role of SoxB1 genes after neural 
induction is to maintain neural progenitor states, by directly regulating, among other 
factors, neurog1 expression as previously demonstrated using chromatin 
immunoprecipitation analysis (Okuda et al., 2010). The lack of MTH inhibit SoxB1 genes 
during the primary to secondary neurogenesis transition, leading to neurog1 
downregulation, suggesting a loss of differentiating neuron progenitors, which may later 




(Campinho et al., 2014). Our data may reflect this MTH function since neurog1 is 
downregulated at the same time points as SoxB1 genes. 
In other species TH directly regulates some SoxB1 genes. A putative TRE in Xenopus 
Sox3 gene can mediate transcriptional activation by T3-bound TR/RXR in oocyte (Fu 
and Shi, 2017) and in adult rat cortex T3/TRα1 directly repress Sox2 expression, favouring 
the appearance of migrating neuroblasts (López-Juárez et al., 2012). In contrast to the role 
in mammals, sox 2 was not altered in MCT8MO at 25 hpf (NCBI –BioProjects: 
PRJNA381309). In fact zebrafish sox19a has been shown to have a pan-neural 
expression, similar to Sox2 in mammals (Okuda et al., 2006), but a direct regulation of 
this genes by TH in zebrafish has not been shown. 
Neurog1 is as a crucial proneural factor during zebrafish primary neurogenesis, it is one 
of the first neurogenic factors expressed, but its expression does not seem to be affected 
by MTH levels in these early stages.  Spinal sensory neurons and the nucleus of the medial 
longitudinal fasciculus (nMLF) are highly dependent on Neurog1 in opposition to 
motorneurons and interneurons and epiphysial neurons which are less dependent (Blader 
et al., 1997; Cau and Wilson, 2003; Cornell and Eisen, 2002). The differential 
requirements of Neurog 1 for the formation of different populations of neurons (Blader 
et al., 1997; Cornell and Eisen, 2002) will not be captured by qPCR analysis of whole 
embryos, and in the future it will be important to determine if the observed decrease in 
neurog1 levels at 22 and 25hpf are associated with a particular neural cell populations.  
3.3.2. MTH action in MHB and hindbrain formation patterning 
Zebrafish hoxb1b has been identified as the Hox gene that carries out the ancestral 
functions of mouse Hoxa1 described to regulate segmental patterning of hindbrain 
compartments and neural crest derivatives in the periphery of the head via specification 
of segment-specific cell fates (McClintock et al., 2001). In the zebrafish, hoxb1b loss of 
function embryos exhibit a regionally restricted (r3/4) defect in neuroepithelial 
morphogenesis originating abnormal hindbrain architecture with a discontinuous lumen, 
while gain of function increased hindbrain fate at the expense of fore and midbrain 
identities (Choe et al., 2011). The observed defects in hindbrain patterning observed in 
MCT8MO were generalized (Fig3.3) and not restricted to r3/4 so the slight upregulation 
of hoxb1b detected by qPCR at 25hpf may not be the underlying reason for this deficient 




embryogenesis disrupts hindbrain patterning and retinoic acid receptors are implicated in 
the control of hox gene expression (Essner et al., 1999). Probably the presence of THRs 
in the absence of hormone may be an underlying cause for this phenotype in MCT8MO 
embryos.  
Hindbrain boundary formation starts at around 12hpf, segmentation is visible at 18hpf 
and by 22 hpf MHB patterning is complete (Schmidt et al., 2013). The observed 
downregulation of gbx1 between 18 and 25hpf in MCT8MO embryos may be linked to 
hindbrain formation and a gbx1 development, which is rescued when gbx2 expression is 
initiated in this region  (Rhinn et al., 2009; Su et al., 2014). In wildtype zebrafish Gbx1 
and Gbx2 act in cerebellar primordium development (Su et al., 2014). In MCT8MO RNA-
seq dataset only gbx1 is downregulated at 25hpf, which may suggest differential 
regulation of these genes by MTH action.  25hpf corresponds to the start of cerebellar  
and gbx1 is involved in its specification and together with gbx2 represses Otx to release 
inhibition  of cerebellar development (Su et al., 2014). In zebrafish gbx1/2 double 
mutants, the cerebellum primordium does not thicken and the upper rhombic lip (URL) 
is not formed and no expression of atoh 1, a marker for cerebellar granule cell precursors 
is observed (Su et al., 2014). These observations are concordant with human MCT8-
deficient foetuses, which have an underdeveloped cerebellum and delayed maturation of 
Purkinje cells (López-Espíndola et al., 2014) and chicken MCT8KD embryos that have 
disrupted granule cell proliferation and maturation (Delbaere et al., 2016). Availability of 
MTH in early stages of development are also required for cerebellum development as 
shown in a MCT8MO zebrafish model (De Vrieze et al., 2014). 
3.3.3. MTH regulates Notch signalling 
TH action over developmental pathways such as SHH and WNT has been related to a 
wide and complex variety of effects and is proposed to provide “phenotypic stability” 
(Bernal, 2016). TH action is dependent on cellular context and timing of action (Bernal, 
2016). Regulation of Notch signalling by TH is not commonly reported. However, in the 
gut of anurans during metamorphosis TH activate Notch signalling (Frau et al., 2017; 
Hasebe et al., 2017), to shift gene expression patterns from foetal to adult. In rat placenta 
during the implantation period, hypothyroid dams have a decrease in Notch related genes 
concomitant with a decrease in implantation success (Piccirilli et al., 2018). In cultures 
of primary astrocytes treated with T3 for 24h, a post transcriptional decrease in Notch 




effect over Notch signalling (Morte et al., 2018). The variation in the response of Notch 
to TH exposure appears to be context dependent, including developmental timing and 
cellular context. In the present study the generalized decrease in Notch signalling 
components at specific time points during development corroborate the idea of context 
specificity. her2 is essential for the maintenance and proliferation of neural progenitor 
cells in zebrafish and its expression is dependent on Notch signalling in early stages of 
neurogenesis. Decreased levels of her2 downregulate sox2, sox3, ngn1 and dla, leading 
to premature neuronal differentiation and maturation (Cheng et al., 2015). The decreased 
expression of her2 in the MCT8MO at 12hpf, very early in neurogenesis progression 
indicates MTH are necessary for these events.  
Of note is that, while most of the Hairy/E(spl) homologues studied act as transcriptional 
repressors for the proneural bHLH genes in this way inhibiting neurogenesis, some 
Hairy/E(spl) genes promote neurogenesis or are repressed or not responsive to Notch 
signalling (Schmidt et al., 2013).  In foetal rat cortex, MTH have been found to increase 
HES1 (zebrafish her6 orthologue) but no relation with Notch receptors activation was 
established (Bansal et al., 2005). So the observed action of MTH on her genes expression 
dependence of Notch needs to be determined at the different time points in study.  
In zebrafish by 90% epiboly (9 hpf), transcripts of dla and dld are seen in the future 
neuroctoderm region, where they act together with delta B (dlb) as determinants of 
developing primary neurons (Haddon et al., 1998). In our RNA-seq dataset dlb was not 
differentially expressed and so its developmental expression pattern was not determined. 
This may signify that only a subset of differentiating dla expressing cells which do not 
express dld are affected by MTH during primary neuron formation at 12hpf. Nonetheless, 
dld is also expressed in the presomitic mesoderm and in some newly born somites at least 
until 24hpf (Haddon et al., 1998), which could mask  the differences observed in the 
neural tissue of MCT8MO embryos during primary neurogenesis. The fact that dla/her2 
and dld/her4 vary in the same pattern during development may be relevant and by doing 
co-localization analysis a better understanding of the cell types being affected by MTH 
could be achieved.  Expression pattern of her2 and her4 in the proneuronal domains are 
similar during embryonic stages in zebrafish (Cheng et al., 2015) but analysis of a recently 
published single cell study (Wagner et al., 2018) allowed us to establish that in hindbrain 
at 14hpf  her2 is expressed in 5x more cells than her4. And that only 12% of her4 




population of cells in the hindbrain, and the effect of MCT8 knock down over this gene 
may be more noticeable.  
Regarding the data in the spinal cord, from the same study (Wagner et al., 2018) we 
looked into colocalization of her2 and dla in the spinal cord at 14 and 24hpf. Cells co-
expressing her2 and dla represented almost 40% of the total number of cells present in 
the spinal cord at 14 and 24hpf (Fig. 3.8). her2 cells decreased and dla cells increased in 
percent from 14 to 24hpf, which fits well with the quantified volume of her2 and dla in 
the spinal cord of CTRL and MCT8MO individuals and the whole embryo qPCR results. 
 
Figure 3.8 – Notch ligand dla and her2 are co-expressed in almost 40% of cells in the spinal 
cord of wild type zebrafish at 14 and 24hpf. Data retrieved and analysed from (Wagner et al., 
2018). 
The classification of identity markers by single cell analysis of wt zebrafish embryos 
showed that both her genes and delta genes are co-expressed in progenitor cells (Farrell 
et al., 2018). The single cell analysis brings another dimension to the classical markers 
used in the identification of cell populations, and in this case of Notch signalling. 
Oscillatory pattern of expression of Notch/bHLH may tip the balance towards cell fate 
decision (Engler et al., 2018).  
Notch ligand jag2a is expressed in the embryo only after 10hpf (White et al., 2017) and 
its expression was mapped at 24hpf as being widely expressed in CNS (Zecchin et al., 
2005). It is also expressed in the pronephros region, in podocyte progenitors, and is 
involved in kidney formation (Naylor et al., 2013; Tian et al., 2019). In the zebrafish CNS 
specificity of cell types that express jag2a has not been established and no information 




Studies in mammals showed that Notch signalling through Jagged or Delta has different 
dynamics, NICD inhibits Delta through its downstream effector Hes1, but activates 
Jagged both directly and indirectly through miR-200. Therefore, Delta and Jagged 
differently affect the collective cell-fate decisions in a group of cells (Boareto et al., 2015; 
Manderfield et al., 2012; Shaya and Sprinzak, 2011). Our results may reflect a similar 
situation of differential regulation of Notch ligands, since we show an upregulation of 
jag2a as well as, in opposition to the downregulation of delta ligands, Notch receptors 
and her effectors. This observed variation may imply a modulation of jag ligands by MTH 
directly or indirectly as compensatory mechanism of Notch signalling. It has also  been 
suggested that Notch ligands have intrinsic signalling activity independent of Notch as 
well as potential to participate in bi-directional signalling, but are relatively unexplored 
areas of ligand biology that warrant further investigation (D’Souza et al., 2008). 
In summary, here we show that MCT8 MO embryos displayed alterations in the 
expression of Notch pathway components at different developmental stages, showing that 
MTH are necessary for correct Notch signalling in zebrafish embryos.  
 
3.3.4. Timing of MTH action in zebrafish neurogenesis 
In the present study the genes used came from differentially expressed genes identified 
by RNA-seq during comparison of MCT8MO and CTRL of 25hpf zebrafish. The 
majority of the genes analysed were already downregulated at 22hpf, revealing this may 
be an important period of MTH sensitivity for genes of the neurogenic cascade, namely 
neural and neuron progenitor cell maintenance.  
Our data also shows that from as early as 12hpf, during primary neurogenesis, MTH 
acting via MCT8 is essential for neurogenesis since seemingly in MCT8MO embryos a 
number of her2+ neural progenitor cells are being lost or not differentiating from 
neuroectoderm progenitors (B1Sox expressing cells). This does not seem to affect the 
number of developing neuron progenitors, considering the expression of neurog1, at least 
during primary neuron formation. It may however disrupt glial differentiation as Notch 
signalling has been involved in this fate determination (Cheng et al., 2015), but this was 
not addressed in this work.  
At 18hpf, of the selected genes, only jag2a, one of the Notch ligands, was upregulated. 




genes was altered. This shows temporal regulation of gene expression by MTH and 
corroborates previous studies showing genes that are transcriptional targets of T3 at a 
certain developmental time may be refractory at another time (Bernal, 2015). 
3.4. CONCLUSIONS 
In this study we addressed the neural developmental processes that might be under 
regulation of MTH and we can conclude that: 
1) MTH are apparently not involved in neuroectoderm specification – neural plate 
establishment. 
2) MTH are necessary for the maintenance of specific neural progenitors at specific time 
points  
3) the action of MTH on gene transcription was limited in time and affected specific 
cellular events during development. 
Bearing in mind the cell specific action of TH, the use of whole embryos may mask the 
response and cell identity mapping will be required to establish in fine detail their action 
during neural development in zebrafish. The results obtained establish a developmental 
time window for MTH actions in zebrafish neurogenesis, and emphasise the importance 
of MTH activity through MCT8 for the accurate neurogenic development in the zebrafish 
embryo.  
 
3.5.MATERIALS AND METHODS  
 
3.5.1. Zebrafish maintenance 
Adult wildtype (AB) zebrafish from an in-house laboratory colony maintained in 
Zebrafish lab at CCMAR, in the University of Algarve (Portugal) were used for egg 
production. Fish husbandry was carried out in strict accordance with the EU Directive on 
the protection of animals used for scientific purposes (2010/63/EU) and all experiments 
were approved by CCMAR ethical committee. Adult fish were kept in a ZebTEC 
zebrafish housing system (Tecniplast, Italy) at a 14 h/10 h light/dark cycle, at 28 ± 0.2 
°C. The breeding stock was fed three times a day: twice with granulated food (Tetra 




one female and one male zebrafish were separated in breeding tanks with a perforated 
bottom. The separator was removed when the lights turned on in the morning.  
3.5.2. Morpholino injection  and sampling 
Upon spawning embryos were immediately collected and microinjected at the 1-2-cell 
stage with 1nL of morpholino solution containing either 0.8pmol CTRLMO or MCT8MO  
as described in (Campinho et al., 2014). Embryos were randomly distributed into plastic 
plates containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 0.33 mM 
MgSO4) and and incubated until sampling time at 28.5ºC (Sanyo, Germany) under 
12h:12h light:dark cycles. Staging was done after (Kimmel et al., 1995) by observing 
developmental landmarks in control embryos. Eight independent biological replicates 
(pools) of 20 embryos each were sampled at the first five time points (10, 12, 18, 22, 25 
hpf). Eight biological replicates (pool) of 15 embryos each were sampled from 30, 36 and 
48hpf embryos; Embryos were manually dechorionated, snap frozen in liquid nitrogen 
and stored at -80ºC. 
3.5.3 Analysis of mRNA expression 
RNA from the embryos was extracted manually using a glass morter and OMEGA Total 
RNA extraction kit I (Omega Biotek, USA) according to the instructions manual. In order 
to remove contaminating DNA, Total RNA was then treated with Ambion Turbo DNA-
free kit (Life Sciences, USA).  In brief, 4 μg of total RNA was mixed with 0.1x volume 
of DNase I buffer and 1 μl of rDNAseI (2U/μl). This mixture was incubated at 37ºC for 
30 minutes, and the DNase inactivated by addition of 0.1x volume of inactivation reagent 
for 2 minutes at room temperature. The solution was then centrifuged at 13000 rpm for 
1.5 minutes and the supernatant containing the DNA free-RNA was transferred to a new 
tube and concentration determined using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies Inc., USA). Nucleic acid quantity and purity was determined 
by the ratio of absorbance at 260 nm to 280 nm (A260/A280 of 1.8–2.2 were accepted) 
and RNA integrity visualized on an agarose gel stained with SYBR Green nucleic acid 
gel stain (ThermoFisher Scientific). 500ng of purified total RNA was reverse transcribed 
to complementary DNA (cDNA) in 40 µL of reaction using RevertAid First Strand cDNA 
Synthesis and Random Hexamer Primers (Thermo Fisher Scientific, USA) according to 
the manufacturer’s instructions. Synthetized cDNA was diluted 1/5 in ultrapure water and 




The quantification method used with the RT-QPCR method was the absolute 
quantification, which determines the number of mRNA copies in the sample from a 
standard curve. For that, a standard curve for each gene of interest was prepared. Primers 
were designed using Primer 3 Plus (Untergasser et al., 2007) using RNA-seq  data (NCBI 
– BioProjects: PRJNA381309) and obtained from (Stabvida, Portugal).  Table 3.2 
provides primer sequences, and amplicon size for each gene included in analysis. 
Table 3.2- List of primers for qPCR analysis. 
Gene Forward primer (5'-3') Reverse primer (5'-3') Product Size (bp) 
dla GGCACAGGTAAGAGTTGACCA CAGTGTCCCACTGGATATGCT 115 
dld GCAGAAATATCCTCCCTCTGG CCTACAGCTGCACTTGTCCTC 128 
gbx1 CAGGTCCAGTTTCTCGTCATC TCTCGGACCCTCCAGATAGTT 200 
her2 ACAGCTGTCAGATCACGTCAG CGCGCGTGAAGTAAAGCAATA 197 
her4 CCGTCAGCTTTCTGTCTCAGT TCAGTGGTCTGAGGATTGTCC 124 
hoxb1b CAAGTATCAGGTCTCCCCTGAC CTTCTCAAGTTCCGTGAGCTG 190 
jag2a GTTGGCTGTGAGAGAGGTCAG TGCTCTCCTCCATCTGAGTGT 182 
ngn1 CAGATGTAGTTGTGAGCGAAGC GAGAGGAACAGGATGCACAAC 125 
notch1a GTAATGGTGCCACCTGTGTCT TTGTAGCACGGGTTGACTAGG 121 
notch1b AGGGAAGGAAGTTACGAGACG AGGACTGCGCACTAGGTTGTA 159 
sox19a ATGTCCCTCAGGTCTCCTTGT AACTCCTACAACCCCATGTCC 146 
sox19b GCACTGCTGCTGTAGGACATT CAACTTCACCGGTACGATCTG 101 
sox3 CCTCGTCAATGAAGGGTCTCT GAAGATGGCTCAGGAGAATCC 110 
 
Target sequence of genes were amplified by PCR, purified (E.Z.N.A. Gel Extraction Kit, 
Omega Biotek) and quantified (NanoDrop Technologies Inc., USA).  In order to confirm 
the identity of amplified PCR products they were sequenced at the molecular biology 
facilities of CCMar (Faro, Portugal). 
Quantitative real-time PCR (qRT-PCR) was performed in a CFX-384 well (Biorad). 
Samples were run in a 384-well format with 6 µL of PCR mix per well. Final 
concentrations of PCR mix consisted of 1X SensiFASTTM SYBR, No-ROX Kit (Bioline, 
USA), 150nM forward primer, 150nM reverse primer, 1 µL cDNA (1/5), and UltraPure 
water to a final volume of 6µl. The PCR amplification protocol was as follows: 95 °C for 
3 min, and 44 cycles of 95 °C for 10 sec and 60 °C for 15 sec. The amplification protocol 
included a denaturation step from 60 to 95ºC, 5 sec in 0,5ºC increment, in order to obtain 




primer dimers. Each cDNA sample was run as two technical replicates and averaged for 
expression analysis, if difference between replicates was over 0,5 cycles, samples were 
not used for quantification.  
3.5.4. Immunohistochemistry 
One-cell stage embryos microinjected with either 0.8pmol of either CTRLMO 
(GeneTools) or MCT8MO  (Campinho et al., 2014), were fixed at selected stages in ice-
cold 4%PFA/PBS overnight at 4ºC. Samples were washed, depigmented when needed 
with 0,3%H2O2/0,5%KOH/PBS, transferred into 100% methanol and stored at -20ºC until 
use. Samples in 100% MeOH were brought to room temperature and washed using an 
MeOH:PBS series (100% MeOH to 100% PBS). Zebrafish were hydrated, washed in PBS 
with 0.1% Triton X-100 (PBT) and blocked with the addition of 10% sheep serum (Sigma 
Aldrich). Embryos were incubated in ZRF-1 (1:100, ZIRC) primary antibody diluted in 
blocking solution overnight at 4ºC. Embryos were then washed in PBT followed by 
incubation in Alexa-488 (1:400, Invitrogen) conjugated secondary antibody overnight at 
4ºC, rinsed in PBT, and imaged in a Zeiss Z2 microscope coupled to a Zeiss HRm digital 
camera. 
3.5.5 Analysis of single cell transcriptomics database 
Recently a transcriptomic analysis of several developmental stages of wildtype zebrafish 
was performed (Wagner et al., 2018). Using their published datasets 
(https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?cgi-
bin/client_datasets/fish_embryo_timecourse/full), we searched for single cell expression 
and coexpression of dla, her2 and her4 in the hindbrain and spinal cord at 14 and 24hpf.  
3.5.6 Fluorescent In Situ Hybridization 
Zebrafish samples in 100% MeOH were brought to room temperature and washed using 
an MeOH:PBS series (100% MeOH to 100% PBS) and finally rinsed several times in 
PBS/0.1%TritonX100 (PBST). Samples were digested with proteinase K (1 µg/mL) in 
1×PBS from 1 to 20 minutes depending on embryonic stage. After permeabilization 
samples were re-fixed in 4% PFA/1×PBS for 20 min, washed several times with PBST 
and then pre-hybridized for 2 hours at 68 °C in hybridization mix (HybMix). HybMix 
was discarded and replaced by pre-warmed HybMix containing 0.50 ng/mL of Dig-




then subject to stringency washes, Hyb(−): 2×SSC to 2×SSC + 0.1% Tween-20 (2×SSCT) 
and finally washed twice for 30 mins in 0.2×SSCT at 68 °C. Samples were then washed 
at room temperature in 0.2×SSCT/Malic acid buffer  (Sigma-Aldrich, USA) and followed 
by several washes in MAB + 0.1% TritonX-100 (MABTrx). Probe Detection:  Samples 
were pre-incubated for 2 h at room temperature in blocking solution (BS) MABTr + 10% 
sheep serum (Sigma-Aldrich)/2% Blocking solution (Roche, Switzerland) and then 
overnight at 4 °C in anti-DIG-POD Fab fragments serum (1:500, Roche, Switzerland) 
diluted in BS. Samples were washed in PBSTween and then incubated in Fluorescein 
Tyramide 1:100 in amplification reagent (Perkin Elmer) for fluorescent colour 
development, according to the instructions, followed by several washes in PBSTw 
Lightsheet Z.1 (ZEISS) was used to acquire images, the fast acquisition time and low 
laser power allowed to maintain the highly unstable signal of Fluorescein Tyramide signal 
visible. Samples were mounted in 1% low melting agarose (CarlRoth, Germany) and 
imaged using dual illumination and a z step of 1,69µm or 1,813 µm depending on the 
zoom used. The full depth of the medial spinal cord was acquired using 10x lens using 
2.5x or 1x zoom. Briefly dual illumination images from the Z.1 were merged using Dual 
side Fusion (Zen Black, Zeiss) images were then imported into Fiji. ROI for the spinal 
cord was fixed in the same region for the same stage, measured area was 62 mm2 for 
12hpf embryos and 8.8mm2 for 18 and 22 hpf, at this ages centered in a 2 somite area 
between somite 9-12, through the full depth of the spinal cord  . Threshold was adjusted 
and fixed for each gene and used 3D object counter plugin in Fiji to quantify the volume 
of staining for each gene.   
3.5.7  Statistical analysis 
Student’s t-test was performed to determine significant differences in absolute expression 
levels determined by qPCR analysis between the control and MCT8 morphant group in 
stage-specific time points. Data analysis was performed by GraphPad Prism v.6.01 
software (San Diego, CA). 
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IDENTITY OF CELL LINEAGES REGULATED BY MATERNAL THYROID 
HORMONES IN THE SPINAL CORD OF ZEBRAFISH 
 
ABSTRACT 
Zebrafish are increasingly used as models of TH action. Knockdown of the MCT8 
transporter in embryos leads to the inhibition of MTH uptake into target cells, 
phenocopying the locomotor, cellular and molecular functional consequences of Alan-
Dudley-Herndon Syndrome (AHDS) in humans. Analysis revealed that development of 
the spinal cord is modified in 25hpf MCT8MO embryos and that by the end of 
neurogenesis cells populating the spinal cord of control and MCT8MO zebrafish are 
substantially different. Lack of thyroid hormone uptake leads to an alteration in the 
cytoarchitecture of the spinal cord, together with a decrease in: neural stem cells 
population, subpopulations of neuron progenitor cells, radial glial cells, mature glial 
cells and oligodendrocyte precursors, while the primary motor neuron domain was 
maintained. Colocalization analysis of neural cells with thraa, thrab and mct8 allowed 
the identification of cell populations cells under the regulation of MTH via MCT8. 
Evidence gathered here suggests MTH are involved in neural stem cell maintenance and 












Observations of human brain development under TH deficiency revealed the importance 
of these hormones for normal development. Inadequate TH supply to the developing 
foetus in untreated congenital hypothyroidism, maternal hypothyroxinaemia due to 
iodine deficiency, or TH transporter mutations lead to mental retardation and growth 
restriction (Zoeller and Rovet, 2004). The main observable effects of TH deficiency on 
vertebrate CNS development are: reduced progenitor expansion, deficit in neuronal 
migration, delay in neuron proliferation, decreased expression of neuronal 
differentiation factors, impaired generation of primitive patterns of network activity, 
reduced cortical thickness, cortical dysplasia, abnormal layering and foliation of the 
cerebellar cortex, impairment in dendrite and axon development, decreased expression 
of proteins involved in synaptic plasticity and delayed myelination and reduced axonal 
guidance and fasciculation (reviewed in Prezioso et al. 2018). Many of these defects 
arise during embryonic development, when the thyroid gland is still not fully developed 
or functional and the sole source of TH supply is maternal. 
TH supply to the CNS occurs mainly via membrane transporters and MCT8 is the only 
specific thyroid hormone transporter present in the brain and vascular tissue (Friesema 
et al., 2003). MCT8 mutations in humans give rise to the Allan-Herndon-Dudley 
syndrome (AHDS) (Dumitrescu et al., 2004). Histological analysis of patient’s brains 
reveals generalized signs of delayed brain maturation, hypomyelination, altered 
neuronal differentiation, and deficient synaptogenesis. At the same time T4, T3, and rT3 
concentrations in the cerebral cortex are reduced by 50% while peripheral levels are 
normal (López-Espíndola et al., 2014), emphasising the importance of MCT8 for the 
uptake of TH by the brain, that when impaired originates a neurological hypothyroidism 
phenotype.  
NSC self-renewal and differentiation steps necessary to originate the multiple neuronal 
and glial cell types needed for proper CNS function are under the regulation of a precise 
temporal sequence of growth factors, intracellular signalling, and transcription factors 
expression (Weinstein and Hemmati-Brivanlou, 1999). TH are thought to be one of 
these factors affecting cell lineage choices (Zoeller and Rovet, 2004). Due to its relative 
simplicity, compared to the brain, the spinal cord is a model of choice to study the 




Furthermore expression of TH machinery in the spinal cord of zebrafish from as early 
as 12hpf has been previously established, namely MCT8 transporter and thraa and  
thrab receptors (Campinho et al., 2014; Marelli et al., 2016).  
Zebrafish is a model for the study of thyroid diseases (Marelli and Persani, 2017; Zada 
et al., 2017) and an appropriate model to study AHDS (Campinho et al., 2014; 
Groeneweg et al., 2019; Vatine et al., 2013). We previously showed MTH acting 
through MCT8 had a cell specific action on neural stem cells, progenitor populations 
and differentiated neuron classes (Campinho et al., 2014), Chapter 2, Chapter 3) and 
that many of the affected genes reported in AHDS patients were also affected in the 
zebrafish MCT8 morpholino knock-down model (MCT8MO model) (Chapter2). We 
also uncovered evidence that MTH acts through MCT8 over specific neural-related 
genes during specific time windows of embryonic development (Chapter 3).  This raised 
the question of when MTH entering cells via MCT8 act in the neural cell lineage tree. 
Are MTH acting on neuron progenitors, radial glia or oligodendrocyte precursors? 
In the present work we employed as strategy the knockdown of MCT8, blocking thyroid 
hormone entry to target cells, and analysed the morphology of the spinal cord at the end 
of embryogenesis using markers for mature neurons and glial cells. In order to determine 
the action of MTH over specific neural lineages and clarify its role in originating cell 
diversity in the spinal cord, in CTRLMO and MCT8MO embryos over time. Markers 
used were for neural stem cells (her2), neuron progenitor cells (neurog1), radial glial 
cells (fabp7a and GFAP), oligodendrocyte and primary neuron precursor cells (olig2), 
mature glial cells (slc1a2b) and primary motor neurons (Nkx6.1). Co-localization 
analysis of her2, dla and fabp7a with thraa, thrab and mct8 mRNA was performed to 
determine if MTH action is direct/cell autonomous or if it arises from MTH influence 
the status of the cellular niche. The outcome of the study indicates that the loss of MTH 
caused by MCT8 knock-down hinders the development of specific neural progenitor 
cells, restricting their progeny output leading to decreased diversity of neuron and glial 
cell lineages by the end of embryonic neurogenesis.  
4.2. RESULTS 
Given the current knowledge about MTH actions and the phenotype observed in MCT8 
morphant embryos (MCT8MO), our aim was to extend understanding of the role of 




Using transcriptome analysis of MCT8MO embryos at 25hpf (NCBI – BioProjects: 
PRJNA381309) we examined the biological function of downregulated genes using the 
Panther software. Of the top 10 identified GO categories, 5 were related with the spinal 
cord (Fig 4.1), more specifically ventral spinal cord interneuron differentiation (50%), 
ventral spinal cord development (35%), cell differentiation in spinal cord (34%), spinal 
cord development (32%) and CNS neuron differentiation (29%). 
Figure 4.1 – Spinal cord development is highly affected in MCT8MO. Panther Software 
analysis of the transcriptome in 25hpf MCT8MO embryo (NCBI – BioProjects: PRJNA381309) 
showing the 10 top categories of GO analysis of downregulated genes (p<0.01; FDR 5%). 
Other highly affected categories are related to eye development (34%) and the response 
to axon injury (53%), which are also neural related categories. The 3 categories related 
with protein acetylation (34%) most likely reflect the role of TH in  protein function, 
chromatin structure, and gene expression (Choudhary et al., 2009). Upregulated genes 
were analysed in the same manner and revealed an enrichment of genes involved in 
several categories of skeletal muscle development and extracellular matrix organization. 
As this fell out of the range of this thesis it was not pursued.   
4.2.1 The cytoarchitecture of the spinal cord is altered in MCT8MO embryos 
The role of MTH on spinal cord development was determined by characterizing its 
morphology at 48hpf by analysing the distribution of neurons (labelling HuC/D 
proteins) and glial cells (labelling glial fibrillary acidic protein - GFAP) in CTRLMO 
and MCT8MO individuals (Fig 4.2).  Huc/D are proteins synthetized by mature neurons 
and expression begins after gastrulation as primary neuron differentiate (Kim et al., 
1996). The ZRF1 antibody labels GFAP present in all zebrafish glial cells (glial, radial 




due to motor axon associated glia (Schwan and perineurial cells) (Barresi et al. 2010). 
The analysis revealed a generalized disorganization of spinal cord tissue in the 
MCT8MO (Fig 4.2 B). The most striking effects in MCT8MO spinal cord neuron 
populations were the loss of the V shaped arrangement of neurons per somite (Fig. 4.2 
A, A’, B, B’) and depletion of neurons in some regions of the spinal cord (green 
arrowheads in Fig. 4.2 B’). 
Figure 4.2 - MTH acting through MCT8 are required for spinal cord morphogenesis. 
Characterization of the spinal cord of 48hpf zebrafish by double immunohistochemistry 
labelling of mature neurons (HUC/D) and glial cells (ZRF-1). A - In control morpholino 
embryos (CTRLMO), neurons are distributed in a V-shaped organization (orange dashed line in 
A’), and the perineurial glial cells are located adjacent to the motor nerve (p), descending toward 
the muscle. Glial cells are well distributed and surround neurons in all directions. B - In MCT8 
morphant embryos (MCT8MO), neurons accumulate ectopically (yellow arrowheads in B) and 
are disorganized (green arrowheads in B'). Perineurial glial cells are absent or misallocated  
abnormally migrated through the motor nerve (p*’). Glial cells (Schwan and perineurial) are 
wrapped around the motor nerve allowing its visualization with ZRF-1 antibody (white 
arrowhead in B''). Glial cells are disorganized and have accumulated in the dorsal and ventral 
regions generating holes (blue arrowheads in B''). Spinal cord position: dorsal up; anterior left. 
Images are maximum projections of spinal cord z-stacks. Scale bar is 50 µm.  
 
In CTRLMO, glial cells are evenly distributed and surround neurons throughout  (Fig 
4.2 A, A’’). In MCT8MO, glial cells fibres accumulated in the dorsal and ventral regions 
leaving gaps in the middle region of the spinal cord (blue arrowheads in Fig4.2 B, B’’). 
Scaffolding and the ensheathment of neurons by glial cells (GFAP+) are apparently 




perineural glial cells are located adjacent to the motor nerve, descending toward the 
muscle (Fig 4.3 A, A’, A’’), while in MCT8MO perineural glial cells are absent or 
migrated downwards through the motor nerves, which are malformed (Fig 4.3 B, B’, 
B’’). Of note is the appearance of ectopic mature neurons (Fig 4.3 A) which were 
noticeable in 70% of MCT8MO individuals at 48hpf (Figure 4.3 B). At 25hpf ectopic 
neurons were not observable, although neuronal disorganization in the spinal cord was 
already apparent (data not shown).  
 
Figure 4.3- Ectopic neurons develop in MCT8MO but not in CTRL individuals. A – 
Esctopic neuron (HuC/D green staining) and glial cells (red). B - Ectopic neurons are present in 
70% of MCT8MO individuals. Cells were counted  in 2 spinal cord sections. Values represented 
as means ± SD (CTRLMO n=5; MCT8MO n=8). Statistical significance determined by t-test: 
two-sample, assuming equal variances (** p<0,01). C - GFAP cell staining in CTRLMO. D - 
Disruption of GFAP cell staining in MCT8MO. Scale bars 25µm. 
4.2.2 Identification of cell populations under the regulation of MTH  
At 48hpf the phenotype of the spinal cord in the MCT8MO is likely a consequence of 
events happening in previous embryonic stages. To clarify this, we determined which 
spinal cord cell populations require MTH to differentiate. To establish if the action of 
MTH taken up through MCT8 is cell autonomous a functional THR is required. In 
zebrafish since no reliable antibodies for THRs or MCT8 exist, which makes their 
identification difficult. To overcome the lack of appropriate anti-sera whole-embryo 
fluorescent double in situ hybridization (WISH) was performed. The expression of 
thraa, thrab and mct8 by neural progenitors (using her2 and dla as marker genes) and 




nature of the TH response during development, different embryonic stages were selected 
for analysis. 
NSCs and their differentiated progeny can be identified by the expression of a unique 
combination of cell markers, these allow for the determination of the identity of cellular 
populations being affected by lack of MTH. A systematic analysis of the expression of 
markers for neural precursors, neurons, motor neurons, oligodendrocyte precursors, 
radial glia and mature glial cells, at several developmental times was performed.  
4.2.3 Expression of thraa, thrab and mct8 in zebrafish embryos 
The expression pattern of mct8 (Fig 4.4 A-D), thraa (Fig. 4.4 E-H) and thrab (Fig 4.4 
I-L) receptors in CTRLMO embryos was detected by wish. Data from the RNAseq 
(NCBI – BioProjects: PRJNA381309) previously showed no significant differences 
between CTRLMO and MCT8MO  at 25hpf.  
 
Figure 4.4 – Location of zebrafish thraa, thrab and mct8 transcripts in zebrafish spinal 




cord at 12, 25, 30 and 48hpf. Fluorescent WMISH allowed determination of the spatio-temporal 
expression pattern of mct8, thraa, and thrab. Yellow vertical dashed lines show the putative 
boundary of the spinal cord domain. In all images the anterior side of spinal cord is upwards. 
Scale bars 25µm, except for 12hpf where the scale bar is 50 µm. 
The receptors thraa and thrab and mct8 have a broad expression in the spinal cord of 
CTRLMO individuals (Fig. 4.4) and no specific regionalization of the signal was 
observed at each stage, and the signal was also detected outside the spinal cord. The 
expression of mct8 across time is dynamic and apparently increased as development 
advanced. Expression of mct8 peaked at later stages of development especially at 30hpf 
(Fig 4.4 C) and by 48hpf expression decreased (Fig 4.4 D). The expression of thraa and 
thrab was already high at 12hph (Fig 4.4 E, I), with an increased expression in the neural 
plate. During development, expression of thr in the spinal cord appeared to be 
maintained at similar until 48hpf where it appears increased for both receptors (Fig 4.4 
H, L).  
4.2.4 NSC expressing her2 are decreased in the spinal cord of MCT8MO zebrafish 
To analyse the expression of her2 in zebrafish nervous system, we performed WISH 
analysis with a digoxigenin-labelled her2 probe (Fig. 4.5). As reported previously 
(Chapter2) at late somitogenesis (25 hpf) her2 transcripts were apparently localized in 
a broad area of the spinal cord, ranging from dorsal to ventral (Fig. 4.5 A). This area 
decreased during development although cells were identified throughout the spinal cord 
at 48hpf (Fig. 4.5 E). MCT8MO embryos had a decreased number of cells expressing 
her2 in all stages analysed (Fig.4.5 B, D, F). At 25hpf it is noticeable patches of spinal 
cord areas that have lost her2 signal (green asterisk in Fig. 4.5 B). 
 
Notch signalling plays a major role in the regulation of neurogenesis by maintaining the 
neural progenitor character, and in some contexts promotes gliogenesis and drives 
binary fate choices and creates cell diversity (Pierfelice et al., 2011). The MCT8MO 
embryos were previously shown to have lost specific neuron cell populations and 
downregulation of Notch signalling (Campinho et al., 2014; Chapter 2; Chapter 3). The 
present results reveal that a subpopulation of her2+ cells were lost in the spinal cord of 






Figure 4.5 - MTH is necessary for the correct development and positioning of her2+ neural 
precursor cells.  Expression pattern of her2 in the spinal cord after WISH at 25hpf (A, B), 
32hpf (C, D) and 48hpf (E, F). The green asterisk in B represents a spinal cord region which has 
lost the her2 signal). Images are a lateral view of the spinal cord between somite 8-13. A 
minimum of 10 individuals/conditions were analysed. The green dashed line represents the limit 
of the ventral spinal cord region). Anterior is left, dorsal is up. All images have the same 
amplification and the scale bar is 50 µm.        
 
4.2.5 Colocalization of TH cellular signalling genes in a subset of her2+ cells  
At late somitogenesis (25 hpf) her2 transcripts were located in a broad area of the spinal 
cord, ranging from dorsal to ventral (Fig.4.6, red colour), this pattern was similar in 
CTRLMO and MCT8MO individuals. In CTRLMO and MCT8MO embryos 
thraa/her2(+) cells had a similar widespread and generalized distribution throughout the 
spinal cord.  
Although in CTRLMO embryos her2 colocalization with thraa (Fig. 4.6A) was 
increased in dorsal cell populations (arrow in Fig.4.6 A) in MCT8MO embryos 
colocalization was more apparent in ventral populations (arrowhead in Fig.4.6 A). In 
both CTRLMO and MCT8MO thrab/her2(+) cells (Fig. 4.6B ) had a similar distribution 
in the middle region of the spinal cord. mct8/her2(+) cells appeared less abundant than 





Figure 4.6 – Colocalization of zebrafish thraa, thrab and mct8 with her2 cells at 25hpf. 
Double WMISH of: A – thraa (green) and her2 (red) and colocalization (yellow) in CTRLMO 
(arrow highlights the predominantly dorsal colocalization) and MCT8MO (arrowhead 
highlights the predominantly ventral colocalization) embryos; B - thrab (green) and  her2 (red) 
and colocalization (yellow) in CTRLMO and MCT8MO embryos. C - mct8 (green) and her2 
(red) and colocalization (yellow) in CTRLMO embryos. Lateral view of spinal cord, anterior 
side up, dorsal side right. Vertical dashed lines show the boundary of the spinal cord. A 
minimum of 3 individuals/conditions was analysed.  All images in the panels have the same 
amplification and the scale bar is 20µm. 
4.2.6 Colocalization of TH cellular signalling genes in a subset of dla+ cells  
We have previously shown that dla, which is a Notch ligand expressed in differentiating 
neural cells and is involved in specification of cell pool domains (Mahler et al., 2014), 
is downregulated in MCT8MO embryos from as soon as 12hpf (Chapter 2, 3). At 12hpf 
thraa mRNA is expressed in the entire neural plate with no specific regional distribution 
(Fig 4.7 A). Expression of thraa colocalizes with dla in the neurogenic regions with an 
increased incidence in the prospective motor neuron region in CTRLMO and MCT8MO 
(Fig 4.7 A, white brackets). In MCT8MO embryos, thraa appeared less intense and 




compared to CTRLMO embryos. This lower colocalization in MCT8MO embryos 
continues at 25hpf (Fig. 4.7 A, lower panel). In both cases the cells presenting 
colocalization, were located in a similar region of the spinal cord (arrows in Fig. 4.7 A, 
lower panel). The expression of thrab was observed in a lateral position of the spinal 
cord at 25hpf (Fig.4.7 B). thrab/dla (+) cells were equally distributed throughout the 
dorsal-ventral axis of the spinal cord in CTRLMO, but colocalization in the anterior 
posterior axis was decreased and this reduction was also observed in MCT8MO 
embryos (asterisks in Fig.4.7 B). In MCT8MO thrab/dla colocalization appeared lower 
and was more evident in the ventral spinal cord (arrowheads in Fig. 4.7 B). The 
colocalization of mct8 with dla was low, with only a small subset of mct8/dla (+) cells 





Figure 4.7 – Colocalization of zebrafish thraa, thrab and mct8 with dla cells. Double 
WMISH establishing the expression field of (A) thraa (green) and dla (red) and their 
colocalization (yellow) at 12 and 25 hpf in CTRLMO and MCT8MO embryos. Brackets 
enclosed areas with increased colocalization in the motor neuron neurogenic domain. Arrows 
denote the increased colocalization in the apical spinal cord at 25hpf; dorsal view orientation, 
anterior side up; B - (A) thrab (green) and dla (red) and their colocalization (yellow) in 25 hpf 
CTRLMO and MCT8MO embryos. Lateral orientation, anterior side up, dorsal side right. 
Asterisks denote decreased colocalization in the anterior-posterior axis of the spinal cord. 
Arrowheads indicate the increased colocalization of thrab/dla (+) in cells of the ventral spinal 
cord in MCT8MO embryos; C - mct8 (green) and dla (red) and their colocalization (yellow) in 
12, and 25 hpf CTRLMO embryos. Dorsal orientation, anterior side up. Vertical dashed lines 
indicate the boundary of the spinal cord. Anterior side up. A minimum of 3 individuals/condition 
were analysed. All images of 12hpf panels have the same amplification and the scale bar is 





4.2.7 Neuron progenitor cell development is hindered in MCT8MO 
Neuron-committed cells expressing neurog1 had a sparser distribution in MCT8MO 
embryos in all stages analysed (Fig. 4.8 B, D, F, H, H’). Instead of the uniform 
distribution of neurog1 stained cells typical of the CTRLMO (Fig. 4.8 E), in MCT8MO 
individuals at 25 hpf (Fig. 4.7 D) staining is sparser and at 32 hpf (Fig. 4.8 F) gaps were 
evident and appeared to be more present in the more dorsal neurog1+ cell populations. 
At 48hpf neurog1 is present in the dorsal and medial progenitor domains of the spinal 
cord (Fig. 4.8 G, G’), in MCT8MO the most dorsal expression domain shows decreased 
staining (Fig. 4.8 H, H’). 
 
Figure 4.8 - Neuron progenitor cell development and positioning is hindered in 
MCT8MO.  neurogenin-1 spinal cord expression pattern after WISH at 18hpf (A, B), 25hpf 
(C, D), 32hpf (E, F) and 48hpf (G, H) (lateral view). Vibratome transverse sections of the 
CTRLMO (G’) and MCT8MO (H’) at 48hpf. The green dashed line represents the limit of 
ventral spinal cord. The green asterisk in F highlights an area were neurog1 expression is absent 
in 32hpf MCT8MO. All the images present the spinal cord between somite 8-13 A minimum of 
10 individuals/conditions were analysed. The magnification is the same A-H and the scale bar 
is 50 µm.  The vertical line in G and H represent the approximate region sectioned to produce 




Transverse sections of the spinal cord at 48hpf give an overview of the differences in 
the spinal cord domain in the CTRLMO and MCT8MO embryos (Fig 4.8 G’-H’).  
4.2.8 Radial glial cell development is modified in MCT8MO embryos 
Radial glia cells are considered the neural stem cells of the brain and in zebrafish 
typically express gfap, fabp7a, and s100b. fabp7a encodes brain lipid-binding protein 
(BLBP) protein. In zebrafish embryos fabp7a is expressed in 2 distinct cell populations, 
in the central canal (Gfap+ cells) and in the lateral floor plate cells of the ventral spinal 
cord (Gfap-/Sox2+) where it is co-expressed in nkx2.2a originating perineural glial 
(Johnson et al., 2014; Kim et al., 2008). Transcriptome analysis (NCBI – BioProjects: 
PRJNA381309, Chapter 2) revealed fabp7a to be downregulated at 25hpf in MCT8MO 
embryos (-0.96). In the CTRLMO and MCT8MO embryos radial glial cell (fabp7a+ 
cells) were only detected by ish in the spinal cord around 25hpf. In accordance to 
transcriptomic data expression of fabp7a  in MCT8MO embryos staining was lower at 
25dpf suggesting a delay in the appearance of fabp7a+ (Fig. 4.9 A, B).  By 32hpf in 
CTRLMO a number of fabp7a+ cells were evident in dorsal (Fig 4.9 C green arrows) 
and ventral domains of the spinal cord (Fig 4.9 C red arrows). At this stage MCT8MO 
embryos showed a noticeable change in the dorsal-ventral distribution of fabp7a+, 
where cells of the dorsal domain of the spinal cord are not detected, while there is an 





Figure 4.9. (previous page) - MTH is necessary for the correct development and 
positioning of fabp7a+ radial glial cells in zebrafish spinal cord. fabp7a spinal cord 
expression pattern after WISH at 25hpf (A, B), 32hpf (C, D) and 48hpf (E, F). The green 
arrowheads indicate the position of fabp7a+ cells during development in CTRLMO individuals 
(C, E). Red arrowheads in D indicate the increased staining in the ventral domain of the spinal 
cord in MCT8MO. Green arrowheads in E, E’ indicate the presence of fabp7a+ cells at spinal 
cord positions where they are less evident in MCT8MO (F, F’). The green dashed line represents 
the lower limit of the spinal cord. The images present a lateral view of the spinal cord between 
somite 8-13. Rostral is to the left in all images, all images with same magnification and scale 
bar is 50 µm . A minimum of 10 individuals/conditions were analysed. Vibratome transverse 
sections of the region indicated by a black vertical line in E and F of CTRLMO (E’) and 
MCT8MO (F’). The green dashed line in E’ and F’ represents the outermost boundary of the 
spinal cord. Scale bar 20 µm in E’, F’. 
The decrease in dorsal fabp7a expression in MCT8MO persisted during development. 
By 48hpf two distinct fabp7a+ cell populations were distinguishable in CTRLMO 
(Fig.4.9 E, E’) while in MCT8MO an apparent reduction in the most dorsal cell 
populations detected in CTRLMO (green arrow Fig.4.9 E, E’) and an apparent increase 
in the fabp7a signal intensity and abundance of the ventral populations (Fig. 4.9 F, F’) 
is observed. This effect is readily observed in the transverse sections (Fig.4.9 E’, F’) 
where the increase in the number of ventrally located cells at 48hpf in the MCT8MO is 
evident. Collectively, the results show that both dorsal and ventral populations of 
fabp7a+ cells are under MTH regulation by maintaining dorsal fate and restricting 
fabp7a+ lateral floor plate cells in the spinal cord. 
4.2.9 Colocalization of TH cellular signalling genes in a fabp7a+ cells  
At 30hpf colocalization of thraa/fabp7a is scarce and similar between CTRLMO and 
MCT8 MO (Fig 4.10 A, upper panel). In CTRL at 48hpf thraa/fabp7a co-expression is 
detected in a greater proportion of cells and thraa was expressed in the two characteristic 
populations of fabp7a (+) cells in the dorsal (arrow in Fig 4.10 A, lower panel)  and 
ventral spinal cord (arrowhead in Fig 4.10 A, lower panel). Our data indicates an 
apparent increase in fabp7a (+) cell number in the ventral spinal cord in MCT8MO (Fig 
4.10 A, lower panel), but this increase is not reflected in the increase of colocalized 
thraa/fabp7a (+) in ventral cells. At 48hpf thrab/fabp7a (+) cell colocalization (Fig 4.10 
B) had a similar distribution pattern to thraa/fabp7a (+) (Fig 4.10 A) in CTRLMO but 
appeared less abundant in MCT8MO embryos. Of note in the MCT8MO was the 





Figure 4.10– Colocalization of zebrafish thraa, thrab and mct8 with fabp7a cells. Double 
WMISH: A - thraa (green) and fabp7a (red) and colocalization (yellow) at 30hpf and 48 hpf in 
CTRLMO and MCT8MO embryos, colocalization in the the dorsal spinal cord is indicated by 
an arrow and in the ventral spinal cord by an arrowhead. B - thrab (green) and fabp7a (red) and 
colocalization (yellow) at 48hpf in CTRLMO and MCT8MO embryos. Images are of a lateral 
orientation, anterior side up and dorsal side right. C - mct8 (green) and fabp7a (red) and 
colocalization (yellow) at 30hpf and 48hpf in CTRLMO embryos, asterisk in 30hpf shows an 
increase in mct8/fabp7a colocalization in the dorsal spinal cord. Arrow represents colocalization 
in the dorsal spinal cord, arrowhead colocalization in the ventral spinal cord. All images are on 
a lateral orientation, anterior side up and dorsal side right.  Vertical dashed lines delimit the 
boundary of the spinal cord. A minimum of 3 individuals/condition were analysed. In each panel 
images have the same amplification and the scale bars is 20 µm. 
In the CTRLMO the distribution of mct8/fabp7a (+) cells was abundant throughout the 




domain in 32 hpf embryos (asterisk in Fig 4.10 C upper panel). At 48hpf mct8/fabp7a 
(+) cell colocalization was less evident (Fig 4.10 C lower panel) and was restricted to 
the dorsal (arrow in Fig 4.10 C)  and ventral domains (arrowhead in Fig 4.10 C, lower 
panel),  accompanying the distribution pattern of fabp7a (+) cells. The fact that fabp7a 
cells show less colocalization with thraa in the spinal cord at 30hpf, suggest thrab may 
be the receptor present in these cells at these stages. Due to technical difficulties this 
was not possible to confirm.  
4.2.10 Development of astrocyte-like cells is impaired in MCT8MO embryos 
To determine if astrocyte-like cell populations are affected in MCT8MO embryos we 
analysed the temporal expression of slc1a2, a marker of mature glial cells (Fig 4.11).  
  
 
Figure 4.11 – Development and distribution of slc1a2b+ astrocyte-like cells in spinal cord 
is hindered in MCT8MO zebrafish embryos. slc1a2b spinal cord expression pattern after 
WISH at 25hpf (A, B), 32hpf (C, D) and 48hpf (E, F) in CTRL and MCT8MO embryos. B – 
The green arrowheads indicate the position of misplaced slc1a2b+ cells in the ventral spinal 
cord. E - CTRLMO individuals display a broad expression region of slc1a2b with 2 main 
domains, dorsal/medial (*) and ventral (**). F - MCT8MO embryos display a reduced signal 
for slc1a2b in cells of the ventral domain of the spinal cord. A-F Images represent a lateral view 
of the spinal cord between somite 8-13. Rostral to left. Images have the same amplification and 
the scale bar is 50 µm.  Vibratome transverse sections of the region indicated by the vertical 
black line in E and F in 48hpf CTRLMO (E’) and MCT8MO (F’) individuals. The green 
arrowhead in E’ indicates the spinal cord area in which slc1a2b was very low abundance in the 




Astrocyte-like cells (slc1a2b+ cells) could be detected from 25hpf (Fig 4.11 A, B) in 
CTRLMO and MCT8MO embryos (Fig 4.11 A, B), but the latter presented altered 
distribution of slc1a2b+ cells that were present in the ventral spinal cord but absent in 
CTRLMO embryos (green arow in Fig 4.11  B). At 32hpf expression was diminished in 
MCT8MO (Fig 4.11 D), and no ventral cells were identified. In CTRLMO embryos at 
48hpf slc1a2b+ cell distribution was concentrated in two regions adjacent to the 
neurocel, in the proliferative region of the spinal cord (Fig.4.11 E, E’).  A decrease in 
the abundance and a change in the distribution of the cells was observed in MCT8MO 
with cells located in the ventral and medial portion (Fig.4.11 F, F’) of the spinal cord 
being more affected by MCT8 knockdown and the associated reduction in available 
MTH.  
4.2.11 MTH is involved in the development of a subset of oligodendrocyte precursor  
Zebrafish olig2 is expressed in cells that give rise to primary motor neurons and 
oligodendrocyte precursors under the regulation of Notch signalling (Park and Appel, 
2003; Park et al., 2002). In our transcriptomic analysis the olig2 gene was 
downregulated at 25hpf in MCT8MO embryos (log2 Fold change, -0,77; p<0.01; FDR 
5%) (NCBI – BioProjects: PRJNA381309, Chapter 2). In situ hybridization analysis 
confirmed that at 25hpf there was a decrease in cells expressing olig2 in MCT8MO 
compared to CTRLMO embryos. Nonuniform expression was observed in MCT8MO 
embryos (asterisk in Fig. 4.12 B) suggesting not all olig2 expressing cells respond in the 
same way, whilst other olig2 cells were maintained (arrowhead in Fig. 4.12 upper 
panel). By 32hpf and 48hpf the decrease in olig2 expressing cells was accentuated in 
MCT8MO embryos (Fig. 4.12 D, F). This data shows that MCT8, a key transporter of 







Figure 4.12 - MTH is necessary for the development of olig2+ cells in zebrafish spinal cord.  
olig2 spinal cord expression pattern after WISH at 25hpf (A, B), 32hpf (C, D) and 48hpf (E, F) 
in CTRLMO and MCT8MO embryos. In CTRMO embryos from 25hpf to 48hpf olig2+ cells 
were present in the most ventral region of the spinal cord (A, C, E). In MCT8MO embryos 
decreased olig2+ cells were observed at 25hpf to 48hpf (B, D, F). The green arrowhead indicates 
the position of olig2+ cell clusters that were present and asterisk denotes the absence of cells in 
regions of the spinal cord at 25hpf in MCT8MO (B). From 32hpf to 48hpf the loss of olig2+ 
cells in MCT8MO embryos was more evident (D, F). The green dashed line represents the lower 
limit of the spinal cord. The images present a lateral view of the spinal cord between somite 8-
13. Rostral is left in all images. The images all have the same amplification and the scale bar  
50 µm.        
4.2.12 The primary motor neuron domain is not affected in MCT8MO embryos 
AHDS patients and the zebrafish AHDS model (MCT8MO) present with a locomotor 
impairment phenotype characterised by rigidity of the lower body. That makes 
understanding the impact of the syndrome on motor circuits of primordial importance. 
In order to address this, we looked at the development of Nkx6.1+ cells in the spinal 
cord primary motor neuron domain at 25hpf. In zebrafish, Nkx6.1 is expressed in early-
born primary and later-born secondary motoneurons. From the RNAseq data there was 
no indication that gene expression was altered at 25hpf, nevertheless we looked at 
protein distribution (Fig. 4.13 A,B) and in fact there is no apparent difference in the 





Figure 4.13- Nkx6.1+ cells spatial distribution is not affected in the MCT8MO embryo at 
25hpf. At 25hpf Nkx6.1 protein has a similar distribution in CTRLMO (A) and MCT8MO (B) 
embryos spinal cord. (C) Percentage of the spinal cord area occupied by the Nkx6.1+ domain. 
Values represented as means ± SD. Statistical significance determined by t-test: two-sample, 
assuming equal variances (n.s. p>0.05 - not significantly different CTRLMO n=5; MCT8MO 
n=6). In A and B lateral view of the spinal cord between somite 8-13. Rostral to left in all 
images. Scale bar 50 µm. 
4.3 DISCUSSION  
Humans and mice presenting MCT8 mutations show delayed brain maturation and 
deficient circuit formation, namely profound alterations in the inhibitory interneurons 
(Bárez-López et al., 2019; López-Espíndola et al., 2014). MRI findings from AHDS 
patients are variable, nevertheless hypomyelination and brain atrophy are frequent 
features in AHDS. The authors hypothesise that the AHDS phenotypes results from T3 
deprivation in developing neurons and oligodendrocytes (Remerand et al., 2019). But 
the fact is that clinical MRI does not allow the detection of mild structural abnormalities 
associated with neurological deficits, and so the exact cell types being affected in AHDS 
are unknown. With few exceptions, the majority of AHDS patients are identified only 
in infancy, leaving the period of embryonic and foetal development uncharacterized. 
Here we used zebrafish, an appropriate model for human MCT8 deficiency (Campinho 
et al., 2014; Groeneweg et al., 2019; Vatine et al., 2013; Zada et al., 2014) to characterize 
the effect of MCT8MO knock down, and associated reduction in MTH signalling, in 
neurogenesis during the embryonic period. Previously we have identified specific cell 
populations under putative MTH regulation (Chapter2, Chapter 3), in the present study 
this analysis was extended to a range of other cell types by focusing on the spinal cord 




4.3.1 Cytoarchitecture of the spinal cord is altered in MCT8MO embryos 
MCT8MO embryos have altered cytoarchitecture of the spinal cord, associated with 
neuron heterotopias and glial cell scaffold disruption.  The consequences of these 
defects in the zebrafish, or even if they persist into adulthood, are unknown. 
Nevertheless, cell migration defects in the human brain are associated with neurological 
deficits (Pan et al., 2019). Ectopic neurons are a trait of mice exposed to a perinatal 
hypothyroid challenge that leads to cortical heterotopias (O’Shaughnessy et al., 2019). 
These authors propose the causes of heterotopias to be decreased sonic hedgehog (Shh) 
expression, abnormal cell adhesion, and altered radial glia morphology. One of the main 
functions of the radial glial cell populations of progenitors is to form a structural scaffold 
for neuroblast migration in the developing brain (Barry et al., 2014). Alterations in these 
populations might explain the existence of ectopic neurons in the 48hpf MCT8MO. The 
present results could be explained by disruption of Shh signalling in the spinal cord, 
which is corroborated by data from chapter 2 showing this pathway is modified in 
MCT8MO embryos at 25hf (Chapter 2). These observations merit a more detailed 
analysis on the role of this pathway and its components on MTH role during 
neurodevelopment. 
 
4.3.2 Neuron progenitor cell development is hindered in MCT8MO embryos 
Although neurogenin1 is one of the main proneural genes, it is not ubiquitous and 
different neuron sub-populations present specific requirements for neurogenin1. 
Development of sensory neurons of the spinal cord are highly dependent on Neurog1  
(Blader et al., 1997). From our data it is not possible to determine exactly the type of 
neurons were neurog1 expression is decreased.  Nonetheless in the dorsal domain of 
spinal cord, neurog1 expression occurs in dl2 progenitor populations, that  originate 
Pax3, Pax7 and Msx1 neurons (Hernandez-Miranda et al., 2016). It was previously 
described that MTH is required upstream of Pax7 for its correct expression (Campinho 
et al., 2014). The observed decrease in neurog1 dorsal spinal cord expression domain in 
MCT8MO may be this upstream factor.  
4.3.3 Radial glial cell development is modified by impaired MTH signalling 
TH action on radial glial cells has been described in the adult mouse SVZ where T3 




(López-Juárez et al., 2012). Furthermore, MCT8 was showed to be expressed in the RG 
of foetal human brain (López-Espíndola et al., 2019). 
Interestingly, in zebrafish MCT8MO embryos, fabp7a expression is absent from the 
dorsal but increased in the ventral spinal cord. These results are in alignment from data 
of (Johnson et al., 2014) where the induced cell autonomous ablation of Gfap+ radial 
glia in zebrafish led to a loss of Blbp(+)Gfap(+) cells, but not Blbp+/Sox2+/Gfap-
negative NSCs, which were retained and expanded at later larval stages. More 
interestingly loss of Gfap+ radial glia led to a reduction in their specific derived lineages 
(later-born CoSA interneurons, secondary motorneurons, and oligodendroglial 
populations) while the number of early-born neurons was not affected.  
Mouse Blbp promoter is modular, with distinct portions of the promoter being required 
for transcription in different regions of the CNS (Josephson et al., 1998). It was also 
reported that fabp7a is a direct target of Notch signalling in zebrafish (Kim et al., 2008). 
In mouse, FABP7 is dynamically regulated in radial glia by migrating neurons and its 
expression is dependent of Notch signalling (Anthony et al., 2005). The alteration in 
patterning and levels of expression of fabp7a+ may also be related with the change in 
Notch signalling observed in MCT8MO (Chapter 2). Also, the morphology and different 
distribution of fabp7+ cells in MCT8MO embryos indicate that the identity of these 
radial glial cells is likely to be different from the one observed in CTRLMO embryos. 
The apparent increase in colocalization of mct8/fabp7a (+) cells in the dorsal spinal cord 
at 32hpf in CTRLMO embryos may show the relevance of MCT8 MTH transport for 
their development, since these dorsal fabp7a appear absent in MCT8MO embryos (Fig 
4.9 F). These cells may be more dependent on TH  for their maintenance/development.  
4.3.4 Development of astrocyte-like cells is impaired in MCT8MO embryos  
Here we show that MTH cellular uptake via MCT8 is needed for the appropriate 
expression of slc1a2b, a marker of mature glial cells, in the medial domains of the spinal 
cord. In mouse and human, Slc1a2b is a direct target of T3 and is enriched in astrocytes 
(Morte et al., 2018).  MCT8 immunoreactivity was also detected in human foetal 
astrocytes associated with blood vessels (López-Espíndola et al., 2019). The reduction 
in slc1a2b staining in MCT8MO may be a result of arrested differentiation of slc1a2b+ 
astrocyte-like cells or absence of cells. Notably, in MCT8MO embryos GFAP staining 




However, and since no other markers for putative mature astrocytes were used, one 
cannot conclude from the present data which events are taking place.  
Recently in zebrafish it was established the close relationship and shared transcriptomes 
of radial glia and astrocytes, endorsing the possibility that some of the cells assigned as 
radial glia are astrocytes or astrocyte progenitors (Wagner et al., 2018).  
Zebrafish larvae with loss of function mutations in slc1a2b demonstrate enhanced 
excitation of neurons and impaired mobility consistent with the predicted effects of 
excessive glutamate. The decrease in astrocyte like cells may be the contributing to the 
defective motor phenotype observed in MCT8MO larvae  (Campinho et al., 2014). 
Studies have demonstrated an effect of hypothyroidism in astrocyte development and 
maturation (Morte et al., 2018) including that TH deficiency induces a delay and a 
partial arrest of astrocyte differentiation (Manzano et al., 2007). Our results are in 
accordance and point to the fact that in zebrafish these processes happen via MCT8 TH 
transport. These results in zebrafish stress the fact that MTH are involved in generating 
glial cell type diversity. Given the important roles that mature glial cells play in brain 
development and homeostasis, it is of great interest to determine the significance of 
MCT8 MTH transport on the maintenance and maturation of these cells, including to 
the AHDS syndrome.  
4.3.5 MTH cellular uptake via MCT8 is necessary for the development of a subset of 
oligodendrocyte precursor cells  
One of the most common and characteristic features of hypothyroidism in the central 
nervous system is the delayed myelination and poor deposition of myelin. That has a 
profound functional effect on signal transmission and is caused by impaired 
oligodendrocyte differentiation (Schoonover et al., 2004). T3 has been widely used in 
vitro to both potentiate terminal differentiation of rodent and human oligodendrocytes 
through rapid cell-cycle arrest via non-genomic action and also to induce classical 
genomic gene transcription and development (Lee and Petratos, 2016). TH have an 
established role in oligodendrocyte maturation and promotion of myelin synthesis in the 
postnatal brain and most AHDS patients have delayed myelination and a reduction in 
cerebral white matter (Azzolini et al., 2014). The reduction of olig2 transcripts we 




oligodendrocyte development including the specification of mice NSC into the 
oligodendrocyte lineage (Castelo-Branco et al., 2014). 
Olig 2 expressing cells in order to originate oligodendrocytes migrate to new positions 
in the spinal cord where they acquire their final fate (expressing sox10) and produce 
myelin after 3dpf (Buckley et al., 2010). This was not possible to evaluate in our 
MCT8MO model in view of the temporary nature of the morpholino knock-down 
experimental approach, nevertheless expression of myelin-related genes is 
downregulated in 3dpf mutant mct8 -/- larvae (Zada et al., 2014) indicating that the 
origin of this decrease may be the low number of oligodendrocyte precursors. 
Interestingly olig2 expression in 3dpf mct8 -/- larvae is increased relative to wild type 
individuals and suggesting that a subpopulation of oligodendrocyte precursors might be 
independent of MTH for its differentiation. Our results back these observations given 
that in MCT8MO embryos a small subset of olig2+ remains.  
4.3.6 Primary motor neuron domain is not affected in MCT8MO embryos 
It has been reported that nkx6.1 and olig2 were dynamically expressed in zebrafish 
motor neuron and required for motor neuron development. Here the domain occupied 
by Nkx6.1 cells in the spinal cord at 25hpf is not altered in MCT8MO (Fig 4.13 C), 
while olig2 expression was very decreased. Previous studies have shown olig2 to have 
putative TRE (Zada et al., 2014), and that thrs are expressed in glial cells expressing 
olig2 (Baldassarro et al., 2019). The gene acting upstream of olig2 and nkx6.1 in the 
differentiation cascade of  oligodendrocytes is insm1a (Gong et al., 2017) and is also 
downregulated in the 25hpf MCT8MO dataset (NCBI – BioProjects: PRJNA381309) 
showing MTH may be acting at several levels of oligodendrocyte establishment. On the 
other hand mnx1, which is expressed in primary motor neurons, is not altered in 
MCT8MO dataset (NCBI – BioProjects: PRJNA381309), corroborating the data 
obtained with Nkx6.1 immunohistochemistry. Together this data further suggests that 
MTH is acting in a specific subpopulation of olig2 expressing cells giving rise to 
oligodendrocytes (Ravanelli and Appel, 2015) or their progenitors.  
4.3.7 Is the response to MTH in the spinal cord cell autonomous? 
The presence of TH signalling machinery in several neural cell types has been described 




involved in TH signalling is specific to each species, cell type and developmental stage 
(Bernal et al., 2015; López-Espíndola et al., 2019; Vancamp et al., 2019). Development 
of the zebrafish CNS is a fast process and TH cell sensitivity during development is 
tightly restricted in time. Genes sensitive to THs at one developmental stage may be 
resistant to THs later in development and vice versa (Gil-Ibáñez et al., 2014; Morte et 
al., 2018)  
We aimed to establish if neural cell populations noted to be affected by putative MTH 
depletion in zebrafish embryos, were direct targets of MTH signalling. Here the cells 
analysed for colocalization are progenitor cells and we show that at some point during 
neurogenesis they express TH machinery components. 
In zebrafish thraa and thrab can activate gene transcription in response to T3 (Marelli 
et al., 2016) but have also been involved in regulating RA signalling in a MTH 
independent manner and are likely involved in target gene repression (Essner et al., 
1999, 1997a). Here observations by WISH at 25hpf are similar to the transcriptomic 
data (Chapter 2) where no significant difference in thra expression between CTRLMO 
and MCT8MO at 25hpf was observed. Zebrafish challenged with T4/T3 at 24hpf also 
showed no difference in the expression of these same components (Walter et al., 2019). 
In this work we could not demonstrate that hindered MTH uptake regulates thraa or 
thrab expression during zebrafish embryogenesis. Nonetheless, in hypothyroid rat 
embryos an increase in Thrα1 protein was observed  at E14 and E16 (Mohan et al., 
2012). These facts may indicate differences between species on the regulation of THR 
by MTH. On the other hand, in amniotes TH has additional function like regulation of 
thermogenesis and this alone was shown to generate differences in TH cellular 
signalling between different vertebrate classes (Hirose et al., 2019). 
Unliganded receptor activity is understood to be an important factor in causing the 
harmful effects of hypothyroidism (Bernal, 2007). Given the ubiquity of thra receptor 
expression in the spinal cord it would be expected that local regulation by deiodinases 
would be noticeable, in order to coordinate the switch between unliganded/liganded 
THR function. In 25hpf zebrafish embryos Dio2 is absent and Dio3 is present but no 
difference was observed in transcriptome analysis in the expression between CTRLMO 
and MCT8MO (NCBI – BioProjects: PRJNA381309). So, at early stages of 




expression may potentiate the effect of the unliganded receptors. At these early stages 
TH receptors may function as aporeceptors in most cells, by repressing gene 
transcription and regulating retinoic acid signalling (Essner et al., 1997b).  
In zebrafish her2, dla and fabp7a are markers of distinct neural progenitor cells that give 
rise to diverse populations of neural cells. The expression of these genes and cell 
distribution are decreased in the spinal cord of MCT8MO (chapter 2 and 3). Here we 
have shown that subpopulations of these cells co-express TH receptors, namely thraa 
and thrab and the mct8 transporter. The question remains if MTH entering cell via 
MCT8 is involved in the maintenance of these neural stem cells and consequently in 
originating cell progeny diversity?  Data collected allows to draw a tentative model for 
the action of MTH across neural cell lineage formation (Fig 4.14), where MTH may be 
involved in the formation and development of  neural stem cells (her2+ and dla+), 
neuron committed progenitors (neurog1), radial glial cells (fabp7a+), oligodendrocyte 
precursor cells (olig2+) and astrocyte like cells (slc1a2b+). The formation of motor 
neuros (Nkx6.1) was not modified in zebrafish MCT8MO model.  
Due to technical issues we were not able to determine if mct8 and thraa or thrab are 
being co-expressed in the same cells. Nonetheless, our data suggest that this is likely to 
occur in some cells but not in others. This type of analysis will be facilitated in the future 
by single cell analysis of the transcriptome. In the human foetal brain mct8 expression 
was demonstrated in neurons, astrocytes, radial glial cells and cells of the cerebrospinal 
fluid–brain barriers. This same study showed MCT8 protein correlating well with Mct8 
mRNA localization (López-Espíndola et al., 2019). In rat MCT8, THRα1 and 
deiodinases are present in ventricular zone progenitors (Mohan et al., 2012) with 
hypothyroidism compromising their development. In a zebrafish transgenic line with a 
reporter under the regulation of the mct8 promoter it has been described that GFP is 
present in oligodendrocytes and neurons (Vatine et al., 2013). Our results support and 
extend those observations. Here we show that mct8 is expressed also in her2+ and dla+ 
neural progenitor cells and fabp7a+ radial glial cells. Together with previous 
observation that in the spinal cord of MCT8MO embryos there is a significant loss of 
specific neuron populations ((Campinho et al., 2014), Chapter 2), decreased astrocyte-
like cells and olig2+ oligodendrocytes it is very likely that the loss of these progenitor 





Figure 4.14 - Lineage tree of neural cells affected by lack of MTH in zebrafish MCT8MO 
embryos. Our data indicates that MTH may be involved in the formation and development of  
neural stem cells (her2+ and dla+), neuron committed progenitors (neurog1), radial glial cells 
(fabp7a+), oligodendrocyte precursor cells (olig2+) and astrocyte like cells (slc1a2b+). The 
formation of motor neuros (Nkx6.1) was not modified in zebrafish MCT8MO model. 
Lineage tracing will be necessary to establish which neural cell progeny is affected in 
each particular neural progenitor.  
4.4 CONCLUSIONS 
Knockdown of MCT8 leads to loss of neural progenitor cells and a pronounced effect 
over the expression domains of radial glia, neuron and oligodendrocyte precursors, and 
mature astrocytes. As a consequence, cytoarchitectural disorganization of the spinal 
cord occurs. Here we show that in zebrafish the thyroid cellular signalling machinery is 
expressed in neural and glial progenitor cells of the CNS. As mct8 has a more restricted 
expression than thraa and thrab it suggests that during this period thyroid receptors may 
act as aporeceptors in a large population of neural cells. Overall, these results indicate a 
pluripotent role for MTHs during neurogenesis, promoting the maintenance of specific 
neural progenitor populations and generating glial cell type diversity. Taken together, 
the results from the MCT8MO suggest that MTH are probably fundamental for the 




4.5. MATERIALS AND METHODS 
4.5.1. Zebrafish maintenance 
Adult wildtype (AB) zebrafish from an in-house laboratory colony maintained in 
Zebrafish lab at CCMAR, in the University of Algarve (Portugal) were used for egg 
production. Fish husbandry was carried out in strict accordance with the EU Directive 
on the protection of animals used for scientific purposes (2010/63/EU) and all 
experiments were approved by CCMAR ethical committee. Adult fish were kept in a 
ZebTEC zebrafish housing system (Tecniplast, Italy) at a 14 h/10 h light/dark cycle, at 
28 ± 0.2 °C. The breeding stock was fed three times a day: twice with granulated food 
(Tetra granules, Germany) and once with Artemia sp. nauplii. The night before egg 
collection, one female and one male zebrafish were separated in breeding tanks with a 
perforated bottom. The separator was removed when the lights turned on in the morning.  
4.5.2 Morpholino injection and sampling 
Upon spawning embryos were immediately collected and microinjected at the 1-2-cell 
stage with 1nL of morpholino solution containing either 0.8pmol CTRLMO or 
MCT8MO  as described in (Campinho et al., 2014). Embryos were randomly distributed 
into plastic plates containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 
0.33 mM MgSO4) and incubated until sampling time at 28.5ºC (Sanyo, Germany) under 
12h:12h light: dark cycles. Staging was done after (Kimmel et al., 1995) by observing 
developmental landmarks in control embryos. Animals were incubated at 28.5°C and 
fixed at 10, 12, 18,22 and 25 hpf in 4%PFA/1xPBS pH 7.4. washed in PBST, 
depigmented when needed with 0,3%H2O2/0,5%KOH/PBS, transferred into 100% 
methanol and stored at -20ºC until use. 
4.5.3 Immunohistochemistry 
Samples were fixed in 4%PFA/PBS overnight at 4ºC and processed as previously 
described. For Nkx6.1 staining, embryos were alternatively fixed in a solution of 4% 
formaldehyde, 0.05% glutaraldehyde, 5 mM EGTA, 5 mM MgSO4, and 0.1% Triton-X 
in PBS for 1 h at room temperature (Dekens et al., 2003). Primary antibody incubation 
was performed in 1xPBS:10%Sheep serum:0,5%Triton O/N. Primary antibodies used 
were: rabbit anti-HuC/D (1:500, 16A11 - Invitrogen), mouse anti-Zrf1 (1:100 - ZIRC), 




Samples were washed and secondary antibody fluorescent labelling was carried out 
using a goat anti-mouse IgG-CF594 (Sigma), IgG-CF488 (Sigma) anti-serum (1/400), 
goat anti-rabbit IgG-488 Hylite (Jackson Labs). For double immunohistochemistry the 
staining was performed sequentially.  Fluorescent imaging of the spinal cord was carried 
out using a Zeiss Z2 microscope coupled to a Zeiss HRm digital camera or using a 
Lightsheet Z.1 (ZEISS, Germany). Maximum projections were generated in FIJI 
(Schindelin et al., 2012). 
4.5.4 Riboprobe preparation 
To prepare riboprobes for in situ hybridization neurog1, fabp7a, slc1a2b, olig2 primers 
(Table 4.) were designed using as template the sequences from the assembled 
transcriptome (NCBI – BioProjects: PRJNA381309). Isolation of the cDNA of selected 
genes was carried out using a Thermo DreamTaq PCR kit following the manufacturers 
recommendation, and the amplified fragment isolated by agarose gel band extraction 
after electrophoresis and cloned into a pGemT easy vector as described by the 
manufacturer (Promega, Germany). Isolated plasmid DNA was sequenced to confirm 
the identity and orientation of each clone. 
Table 4.1 - Primers used for cloning of target sequences, and references of other probes used. 
Gene Primer  FW Primer  RV Reference 
neurog1 GACTACTCCTTTTCGCACACG ACGTCGGTTTGCAAGTATCC - 
fabp7a GAACTTCGACGAGTACATGA CACCATCATTGACATTCTGC - 
slc1a2b GTCACCGTCAGTCTTACAGCA GGGTTCTTCCTCAACGACTGT - 
olig2 TGTCCAGCAGACCTTCTTCTC CACATGCTACACGGACAAGG - 
her2 CACACACGCGAGCTCTGACAGC CACCTCTGCAGGCTACACATCTC (Chapter 2) 
mct8 ATGCACTCGGAAAGCGATGA TCATATGTGTGTCTCCATGTC (Campinho et al., 2014) 
dla plasmid (Haddon et al., 1998) 
thraa plasmid (Takayama et al., 2008) 
thrab plasmid (Takayama et al., 2008) 
The coding region of interest genes together with the flanking T7 and SP6 RNA 
polymerase promoter were amplified by M13 PCR with an annealing temperature of 
60°C. PCR products were purified by agarose gel and extracted using a GFX gel band 
extraction kit according to the manufacturer’s instruction (Omega Biotek, USA). 500ng 
of purified PCR fragments were used to prepare Digoxigenin or Fluorescein labelled 
antisense probes. These were synthesized by in vitro transcription with DIG-RNA 




was determined by gel electrophoresis, and storage was done in 50% RNAlater (Sigma, 
USA) at -20ºC. 
4.5.5 Whole mount in-situ hybridization (WISH) 
WISH was carried out according to (Thisse and Thisse, 2008) with adaptations. Briefly, 
samples in 100% MeOH were brought to room temperature and washed using an 
MeOH:PBS series (100% MeOH to 0% MeOH) and finally rinsed several times in 
PBS/TritonX100 (PBST). Samples were digested with proteinase K (1 µg/mL) in 
1×PBS from 5 to 20 minutes depending on embryonic stage. After permeabilization 
samples were re-fixed in 4% PFA/1×PBS for 20 mins, washed several times with PBST 
and then pre-hybridized for 2 hours at 68 °C in hybridization mix (HybMix). HybMix 
was discarded and replaced by pre-warmed HybMix containing 0.25 ng/mL of Dig-
labelled cRNA probe and hybridized overnight at 68 °C. Samples were then subject to 
stringency washes, Hyb(−): 2×SSC to 2×SSC + 0.1% Tween-20 (2×SSCT) and finally 
washed twice for 30 mins in 0.2×SSCT at 68 °C. Samples were then washed at room 
temperature in 0.2×SSCT/Malic acid buffer  (MAB, Sigma-Aldrich, USA) and then 
washed several times in MAB + 0.1% TritonX-100 (MABTrx). Samples were pre-
incubated for 2 h at room temperature in blocking solution MABTr + 10% sheep serum 
(Sigma-Aldrich)/2% Blocking solution (Roche, Switzerland) and then overnight at 4 °C 
in anti-DIG-AP Fab fragments serum (1:5000, Roche, Switzerland) diluted in MABTr 
+ 10% sheep serum/2% Blocking solution. Samples were washed in MABTr and then 
incubated in NBT (nitro blue tetrazolium)/BCIP (bromo-chloro-indolyl-phosphate, 
Roche) for colour development, washed in stop solution (Thisse and Thisse, 2008). For 
image analysis, zebrafish individuals were transferred to 100% glycerol through a 
gradient and photographed under a microscope (Leica) coupled to a digital colour 
camera (Leica). At least ten animals per stage and experimental condition were 
analysed. 
To analyse the pattern of cell distribution on transverse sections of the spinal cord, whole 
WISH individuals (her2, fabp7a, neurog1, slc1a2b) were re-fixed in PFA4%, 
dehydrated in MtOH/PBS and embedded in paraffin using isopropanol/paraffin 
gradient. Paraffin blocks were sectioned at 8µm and sections mounted on Poly-L-Lysine 




glycerol-gelatine (Sigma). Images were photographed under a microscope (Leica) 
coupled to a digital colour camera (Leica).  
4.5.6 Double fluorescent whole mount in-situ hybridization WISH 
To be able to detect 2 probes in the same individual the WISH was adapted, to include 
one probe labelled with Digoxigenin and another labelled with Fluorescein. The 
hybridization with the probes is done simultaneously but the antibody detection and 
development of the signal is consecutive using a combination of antibody/Tyramide 
signal amplification (Perkin-Elmer, USA). The combinations of probes/selected stages 
to determine the presence of target genes and TH metabolism components are described 
in Table 4.2.  
Table 4.2 – Samples used for double in situ hybridization for colocalization analysis, of 
markers genes with TH receptors and mct8 transporter mRNA. 




thraa 25  CTRLMO 
 MCT8MO thrab 25 
mct8 25  CTRLMO 
dla 
thraa 12, 25 CTRLMO 
 MCT8MO thrab 25 
mct8 12, 25  CTRLMO 
fabp7a 
thraa 30, 48 CTRLMO 
 MCT8MO thrab 48 
mct8 30, 48 CTRLMO 
Briefly samples in 100% MeOH were brought to room temperature and washed using 
an MeOH:PBS series (100% MeOH to 100% PBS) and finally rinsed several times in 
PBS/0.1%TritonX100 (PBST). Samples were digested with proteinase K (1 µg/mL) in 
1×PBS from 1 to 20 minutes depending on embryonic stage. After permeabilization 
samples were re-fixed in 4% PFA/1×PBS for 20 min, washed several times with PBST 
and then pre-hybridized for 2 hours at 68 °C in hybridization mix (HybMix). HybMix 
was discarded and replaced by pre-warmed HybMix containing 0.50 ng/mL of Dig-
labelled cRNA probe and 1 ng/mL of Fluorescein-labelled cRNA probe and hybridized 
overnight at 68 °C. Samples were then subject to stringency washes, Hyb(−): 2×SSC to 




at 68 °C. Samples were then washed at room temperature in 0.2×SSCT/Malic acid 
buffer  (Sigma-Aldrich, USA) and then washed several times in MAB + 0.1% TritonX-
100 (MABTrx). 1st Probe Detection – anti-Dig-POD + Alexa594 TSA detection: 
Samples were pre-incubated for 2 h at room temperature in blocking solution (BS) 
MABTr + 10% sheep serum (Sigma-Aldrich)/2% Blocking solution (Roche, 
Switzerland) and then overnight at 4 °C in anti-DIG-POD Fab fragments serum (1:500, 
Roche, Switzerland) diluted in BS. Samples were washed in PBSTween and then 
incubated in Alexa Fluor™ 594 Tyramide Reagent (ThermoFisher, USA), 1:100 in 
amplification reagent (Perkin Elmer) for fluorescent colour development, according to 
the instructions, followed by several washes in PBSTw. 2nd Probe Detection – anti-
Fluo-POD + Fluorescein TSA detection: In order to detect the second probe without 
confounding signals from the first antibody, peroxidase activity must be quenched, by 
incubating samples for 1h in 3% H2O2 in PBS. Samples were washed in PBSTr, pre-
incubated for 2 h at room temperature in BS and then overnight at 4 °C in anti-
Fluorescein-POD Fab fragments serum (1:500, Roche, Switzerland) diluted in BS. 
Samples were washed in PBSTw and then incubated in FITC-Tyramide (Perkin-Elmer) 
1:100 in amplification reagent (Perkin Elmer), followed by several washes in PBSTw. 
Samples were stored in PBS containing 0,1% Dabco (CarlRoth, Germany). Fluorescent 
imaging was carried immediately to avoid bleaching of the fluorophores, using a 
Lightsheet Z.1 (ZEISS) microscope.  
4.5.7 Imaging and Colocalization Analysis  
Lightsheet Z.1 (ZEISS) microscope was used to acquire images of double wish, the fast 
acquisition time and low laser power allowed to maintain the highly unstable signal of 
488 FITC signal visible. Samples were mounted in 1% low melting agarose (CarlRoth, 
Germany) and imaged using dual illumination and a z step of 1,69µm or 1,813 µm 
depending on the zoom used. The full depth of the medial spinal cord was acquired 
using 10x lens, 2.5x or 1x zoom. Briefly dual illumination images from the Z.1 were 
merged using Dual side Fusion (Zen Black, Zeiss) images were then imported into Fiji, 
ROI was selected in a 2 somite area between somite 8-13 Threshold was adjusted and 
fixed for each gene pair.  The ImageJ “Colocalization Colormap” plugin was used to 
find areas of colocalization. At least 3 individuals per condition were analysed. The 
resulting stack of the colocalization was then superimposed into the original Z1 image 




4.5.8 Statistical Analysis 
Statistical analysis was done using Graphpad Prism v6.01 (San Diego, USA). Values 
are represented as means ± SD. Normality of the data was previously accessed using 
D'Agostino & Pearson omnibus normality test. Statistical significance was determined 
by t-test: two-sample, assuming equal variances (significance was considered if 
p<0,05). 
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MATERNAL THYROID HORMONES ARE ESSENTIAL FOR THE SURVIVAL AND 




Maternal thyroid hormones (MTH) are essential for appropriate brain development. 
Insufficient supply of the hormones during the embryonic period results in a wide 
spectrum of neurological defects in the offspring. These defects range in severity 
according to the aetiology and degree of insufficiency of TH. Although the outcomes are 
known the molecular and cellular mechanisms underlying MTH action are not completely 
understood. THs influence cell survival and proliferation but their effect varies with cell 
type, developmental state and the cellular context. In this study we used knockdown of 
the specific TH cellular transported, MCT8 inhibiting the uptake of MTH into the target 
cells through this transporter, to determine the role of MTH on neural progenitors and the 
mechanisms underlying their development. We show that knockdown of MTH cellular 
uptake affects apoptosis and proliferation of both her2(+) and dla(+) progenitor cells, 
during early stages of neurogenesis in the spinal cord and hindbrain. Neural progenitor 
population apoptosis and proliferation differed when MTH cellular availability was 
ablated by MCT8MO. Live imaging and cell autonomous Notch activation revealed the 
likely role of MTH on proliferative capacity by analysing the orientation of cell division. 
Symmetric proliferation was not modified in spinal cord of MCT8MO zebrafish from 23-
26hpf. However, MCT8-dependent MTH signalling was necessary for asymmetric cell 
divisions , independent of Notch. An appropriate supply of MTHs was determinant for 
the timely development of neurons and glial cells. These results highlight the importance 
of MTH in progenitor cell maintenance and proliferation and consequently the diversity 
of their progeny. The loss of progenitor cell pools may underlie the irreversible 







Maternal thyroid hormones are important and necessary for early foetal 
neurodevelopment (Williams 2008). During development of the central nervous system 
(CNS), a period of extensive proliferation occurs so that the required number of 
progenitor cells is formed for correct organogenesis. This is complemented or closely 
followed by cell differentiation, giving rise to the array of functional neurons and glial 
cells at the correct time and position (Hardwick et al. 2015).  
Some of the first evidence that TH played a role in regulating cell proliferation came from 
data on amphibian metamorphosis. Metamorphosis is a process entirely controlled by T3, 
and implies disappearance, remodelling and de novo development of organs.   These 
changes are accomplished by a combination of apoptosis and cell proliferation (Su et al. 
1999). The role of the thyroid hormones (TH) and of thyroid hormone receptors (THR) 
on stem cell biology of several tissues has been recognised and they control the balance 
between cell proliferation and differentiation and cell fate decisions (Kress et al. 2009; 
Puzianowska-Kuznicka et al. 2006). 
Neurogenesis and gliogenesis in the spinal cord of zebrafish is a rapid event during 
embryonic development. Neuroepithelial cells of the zebrafish neural plate give rise to a 
first group of neurons that are mainly primary motor neurons, and sensory Rohon-Beard 
neurons between 10-11 hours post fertilization (hpf). The majority of the neurons 
composing the CNS then develop after neural tube closure from 18hpf onwards(Schmidt 
et al. 2013). Gliogenesis starts with the appearance of the first radial glial cells between 
11-12hpf (Bernardos & Raymond 2006) that also derive from neuroepithelial cells. Radial 
glial cells can be multipotent, giving rise to both neurons, glia and oligodendrocytes later 
in development (Johnson et al. 2016; Schmidt et al. 2013). 
Cell proliferation occurs in a defined spatial-temporal manner. Cell divisions are 
classified as symmetric or asymmetric based on the orientation of the division plane to 
the midline of the embryo. In symmetrically dividing cells, the cell division plane is 
precisely centred and parallel to the midline, ensuring each of the daughter cells is left 
with half of the genetic and non-genetic material of the mother cell (such as cell fate 
determinants, adherent junctions, centrioles, and Par and Notch components). 
Asymmetric division, particularly during early development is an essential driver of cell 




orientation to the midline and with an asymmetric inheritance of cell fate determinants 
(Minc & Piel 2012; Paridaen & Huttner 2014). Mitotic spindle position is influenced by 
extrinsic cues, including cell shape, cell-cell adhesion, morphogen signals and 
extracellular matrix components (Minc & Piel 2012). Once cells begin to differentiate, 
proliferation decreases as cells become arrested during the cell cycle and spinal neurons 
become terminally differentiated. During differentiation post-mitotic neurons migrate 
from the medial neural progenitor domain to occupy more lateral regions of the spinal 
cord.  Cell proliferation is meticulously balanced with cell death and modulates neural 
cell population size. Programmed cell death, or apoptosis, is essential and required as part 
of vertebrate development, namely for the management of neural population size, deletion 
of unnecessary structures and the elimination of abnormal cells (reviewed in (Yamaguchi 
& Miura 2015)). 
Patterning of the spinal cord relies on the action of multiple cell signalling pathways with 
precise spatial and temporal dynamics including WNT, FGF, Shh, RA and Notch 
signalling. The outcome of these actions involves proliferation, differentiation, cell death 
and migration processes, which together give rise to the vast number of specialized cell 
types that compose the mature and fully functional spinal cord (Gouti et al. 2015). Notch 
pathway plays a crucial role during primary neurogenesis, namely in the generation of 
binary cell fate decisions through lateral inhibition and maintenance of the neural 
progenitor state (Pierfelice et al. 2011). 
In Chapter 2, 3, 4 it was demonstrated that when MTH uptake through MCT8 is blocked, 
Notch signalling is altered and cell cycle inhibitor genes increase and zebrafish embryos 
have less progenitor cell populations at specific time points of development. The loss of 
progenitor cells may result in the loss of specific cell lineages. However, the factor 
underlying the loss of progenitor cells is uncertain and may results from cell death, failure 
to mature, failure to differentiate from neuroectodermal cells or proliferate.  TH are 
known to act over cell survival and proliferation. Although the action of TH and their 
receptors on cell proliferation is not homogenous and is dependent on cell type, 
developmental status, patho-physiological state and cellular context (Puzianowska-
Kuznicka et al. 2006). 
The present chapter addresses the hypothesis that an appropriate supply of MTH is 
necessary for the survival of specific progenitor cell populations. The MCT8MO model 




of neural progenitor cells. Different neural progenitor populations showed differential 
responses of apoptosis and proliferation in the MCT8MO. Live imaging and cell 
autonomous Notch activation was used to determine how modified MTH cellular uptake 
affected neuronal progenitor proliferative capacity by analysis of cell division. We 
suggest that in the spinal cord of MCT8MO embryos, cells overexpressing NICD should 
be maintained as neural progenitors and the phenotype should be rescued. It is 
demonstrated that in spinal cord of zebrafish, appropriate supply of MTH is necessary for 
asymmetric cell divisions,and this is not altered by overexpression of Notch signalling, 
supporting the view that MTH action is not cell autonomous but also dependent on 
context and action of the hormones on adjacent cells. These MTH actions are reflected 
on the timely development of neurons and glial cells.  
5.2 RESULTS 
 
5.2.1 Apoptosis is increased in neural progenitor cells in MCT8MO embryos 
Given the role of TH in cell survival, we examined apoptosis of neural progenitor cells 
known to be affected in the MCT8MO namely, her2(+) and dla(+) cells, using a tunnel 
assay on whole embryos. The analysis was focused on specific regions of the spinal cord 
and hindbrain (Fig 5.1 A). It should be noted that at the 10 and 12hpf analysis of the spinal 
cord (sc) area in the zebrafish embryos the hindbrain was included. This was due to 
difficulty in selecting a more restricted area during image acquisition. Except at 10 and 
12hpf, significantly higher population of tunnel positive cells were found in the 
MCT8MO group compared to the control in all stages in sc and hindbrain (Fig.5.1 B, C). 
While at 10hpf only a residual number of apoptotic cells was detected in each treatment 
group, by 12hpf the CTRLMO and MCT8MO groups had a similar number of apoptotic 
cells and MCT8p53MO had an even lower number of apoptotic cells than the control 
group (Fig 5.1 B,C). This may signify that the p53 morpholino inhibited normal apoptotic 
events in both groups at this stage. The effect of MCT8MO on spinal cord and hindbrain 






Figure 5.1 - MCT8MO embryos display a higher number of apoptotic cells in the spinal 
cord and hindbrain. A- Segments of the embryo spinal cord and hindbrain used for the 
measurements of apoptotic and proliferating cells, images adapted from (Kimmel et al. 1995). B 
- Quantification of the number of apoptotic cells in the hindbrain. C – Quantification of the 
number of apoptotic cells in the spinal cord. Data on the right-hand side of the vertical dashed 
line in the graph correspond to the right Y axis. The definition of labels in the graphs are as 
follows, CTRLMO (CTRL), MCT8MO (MO), MCT8p53MO(p53MO) microinjected zebrafish 
embryos detected by TUNNEL assay. N = 10-20 individuals/treatment group. Measured areas are 
specified in the methods section 5.5.4. Results are presented as the mean ± SD; Statistical 
significance was determined by a one-way ANOVA followed by a Bonferonni multiple 
comparison post hoc analysis. *p<0.05; **p<0.01; *** p<0.001, **** p<0.0001. 
 
To establish if progenitor cells were represented in cells undergoing apoptosis in 
MCT8MO apoptotic cells were co-labelled with her2(+) (Fig 5.2, A) and dla(+) cells (Fig 
5.2 B). An increase in apoptotic her2(+) cells was detected in the spinal cord and 
hindbrain at 12 and 22hpf (Fig 5.3 A, B), while apoptotic dla(+) cells increased in both 





Figure 5.2 - MCT8MO embryos display increased apoptosis of neural progenitor cells. 
Analysis of her 2 and dla expression by fluorescence in situ hybridization and colocalization with 
apoptotic cell labeling (TUNEL).   A – Composite maximum intensity projection of cells co-
labelled with her2 and the TUNEL assay; a - her2; a’-  TUNEL; a’’ colocalized areas are labeled 
in dark red. B – Composite maximum intensity projection of cells co-labelled with dla and the 
TUNEL assay; b - dla; b’-  TUNEL; b’’ colocalized areas are labeled in dark red. Images taken 
from the spinal cord between somite 8-9, captured by lightsheet microscopy. White arrows 
indicate cells displaying colocalization. Dorsal views, anterior spinal cord up. The amplification 







Figure 5.3 - MCT8MO embryos display a higher number of her2(+) and dla(+) apoptotic 
cells in the spinal cord and hindbrain. A - Quantification of the number of her2(+)apoptotic 
cells in the hindbrain. B – Quantification of the number of her2(+) apoptotic cells in the spinal 
cord. C - Quantification of the number of dla (+) apoptotic cells in the hindbrain. D – 
Quantification of the number of dla (+) apoptotic cells in the spinal cord. The labels used in the 
graphs are as follows, CTRLMO (CTRL), MCT8MO (MO), microinjected zebrafish embryos 
with apoptosis detected using a TUNNEL assay. n=10-15.  B, D - Data on the right-hand side of 
the vertical dashed line in the graphs corresponds to the right Y axis. Results are presented as 
mean±SD; Measured areas are specified in the methods section 5.5.4. Statistical significance was 
determined using a t-test: two-sample, assuming equal variances. *p<0.05; **p<0.01; *** 
p<0.001. 
 
5.2.2 Proliferation of neural progenitors is hindered in MCT8MO zebrafish 
Another of the characterized roles of TH is an effect over cell proliferation. To access if 
proliferation rates of neural progenitors were hindered in MCT8MO, analysis of PH3 
labelled cells (mitotic cells) in selected regions of the spinal cord and hindbrain were 
analysed (Fig 5.4, 5.5). To assess if neural progenitor cells were sensitive to the reduction 
in cell proliferation, PH3 colocalization with her2(+) and dla(+) cells was determined 
(Fig 5.4 A, B). A significantly lower population of mitotic PH3 positive cells were found 
in the hindbrain of MCT8MO group in all of the stages analysed (Fig 5.5 A), while in the 
spinal cord there was a decrease in proliferating cells only at 18 and 22hpf (Fig 5.5 B). 
Quantitative analysis revealed a decrease in PH3(+)her2(+) cells at 18 and 25 hpf in the 
hindbrain (Fig 5.5 C), and in the spinal cord at 18 and 22 hpf (Fig 5.5 D). PH3(+)dla(+) 




decreased proliferation was evident early in neural development at 10hpf and 12hpf (Fig 
5.5 F). 
 
Figure 5.4 - MCT8MO embryos display modified proliferation of neural progenitor cells. 
Analysis of her2 and dla expression by fluorescent in situ hybridization and colocalization with 
cell mitosis, identified by immunohistochemistry with phosphohistone 3, PH3 antibody. A – 
Composite maximum intensity projection of co-labeling her2 and PH3; a – her2; a’-  PH3; a’’ 
colocalized areas are labeled in dark red. B – Composite maximum intensity projection of co-
labeling dla and PH3; b – dla; b’-  PH3; b’’ colocalized areas are labeled in dark red. Images were 
taken from the spinal cord between somite 8-9, and captured using lightsheet microscopy. Red 
arrows indicate cells displaying colocalization. Dorsal views, anterior spinal cord up. All images 






Figure 5.5 - MCT8MO embryos display a lower number of neural progenitor cells 
undergoing mitosis in the spinal cord and hindbrain. A - Quantification of the number of 
PH3(+) mitotic cells in the hindbrain. B – Quantification of the number of PH3(+) mitotic cells 
in the spinal cord. C - Quantification of the number of her2(+) mitotic cells in the hindbrain. D – 
Quantification of the number of her2(+) mitotic cells in the spinal cord. E - Quantification of the 
number of dla(+) mitotic cells in the hindbrain. D – Quantification of the number of dla(+) mitotic 
cells in the spinal cord. B, D, F - Data on the right-hand side of the vertical dashed line correspond 
to the right Y axis. The labels used in the graphs are as follows, CTRLMO (CTRL), MCT8MO 
(MO), microinjected zebrafish embryos. N = 7-20. Measured areas are specified in the methods 
section 5.5.4. Results are presented as mean±SD; Statistical significance determined by t-test: 
two-sample, assuming equal variances. *p<0.05; **p<0.01; *** p<0.001; **** p<0.0001.  
 
5.2.3 Does downregulation of the Notch pathway cause the loss of neural populations 
in MCT8MO zebrafish? 
In Chapter 2 it was observed that one of the main developmental pathways affected in 
MCT8MO zebrafish was Notch signalling, with most of the components of this pathway 
being downregulated at 25hpf. In Chapter 3 it was shown that knockdown of MCT8 
caused alteration in specific delta/Notch genes and their transcriptional targets from as 




To test whether Notch rescue could recover the MCT8MO embryo phenotype if neural 
stem cells were preserved, Notch-intracellular domain (NICD) was overexpressed by 
heat-shock for 1 h in the transgenic line Tg(hsp70l:1xMYC-notch1a-intra)fb12 (Zhao et al. 
2014) at 10 hpf embryos. Abnormal embryos were consistently observed and had a 
deficient formation of the forebrain and eyes (Fig. 5.6 B, D). Analysis of neuron 
formation in the spinal cord revealed that  CTRL embryos overexpressing NICD 
(CTRLMONICD(+) and MCT8MONICD(+)) had less post mitotic neurons (HuC(+)); 
Fig. 5.6 F, H). One of the first neuron populations to be formed, RB cells was completely 
absent. MCT8MO embryos overexpressing NICD (MCT8MONICD(+)) had a similar 
external phenotype to CTRLMONIDC(+), but they had less pronounced deformities, with 
a more proportional head and forebrain, apparently compensating the excess NICD (Fig. 
5. D). The number and distribution of neurons of MCT8MONIDC(-) was similar to 
CTRLMONIDC(-) (Fig. 5. E, G). Given the complexity of the phenotype of the 
manipulated transgenic line this approach was not further pursued. 
 
Figure 5.6 - Overexpression of intra-NICD in CTRL and MCT8MO at 25hpf. A-D - 
Brightfield images of Tg(hsp70l:1xMYC-notch1a-intra)fb12, after heat shock induction at 10hpf 
for 1h. Scale bar 100µm. E-H. Representative maximum projection lateral view images of the 
spinal cord at somite 8-10 after immunostaining with a pan-neuronal marker HuC/D (white). The 
dashed line in the lower panel marks the dorsal and ventral boundaries of the spinal cord. Anterior 
left, dorsal up. The amplification is the same in all images and the scale bar = 50 μm.        
 
To modify more discretely Notch signalling the NICD mRNA was overexpressed (Takke 
& Campos-Ortega 1999) in CTRLMO and MCT8MO embryos in a cell autonomous way. 
Neural cell behaviour was evaluated in the transgenic fish line Tg(elav3:LY-mCherry) 
background where neurons express mcherry under the control of the elav3 (HuC) 




1-cell stage eggs were injected with morpholinos followed by injection of  GFP mRNA 
alone or with NICD mRNA (Takke & Campos-Ortega 1999) into 1 blastomere, DRA1 or 
DRA2at the 16-32 cell stage. GFP mRNA was injected in all groups to allow visualization 
of the injected cell progeny between 23-26hpf. The analysis was focused on the spinal 
cord between 23 and 26hpf, using live imaging. Embryos developed normally up until 
23hpf, and no apparent deficiency arising from Notch activation was observed, as the 
typical phenotype of CTRLMO and MCT8MO was achieved. The GFP signal in the 
spinal cord at 23hpf revealed the mosaic expression of HuC-mcherry in embryos (Fig 5.7 
A).  
At the beginning of the experiment, morphological and cellular differences in the spinal 
cord were observed between the CTRLMO and MCT8MO groups, which had a less 
organized and lower intensity HuC-mcherry signal. Both MCT8MO and 
MCT8MO/NICD(+) had an increased number of apoptotic cells, observable by blebbing 
GFP(+)/HuC(+) debris (Fig. 5.7 B). This indicates that a cell autonomous increase in 
NICD  does not prevent progenitor cell death in MCT8MO embryos.  
Cell divisions were analysed and classified as symmetric (Fig 5.7 C) and asymmetric (Fig 
5.7 D). Only GFP(+)/HuC(-) cells were tracked to establish cell division and assure only 
neural progenitors were evaluated. All the divisions detected occurred in the ventricular 
region. During this period between 23-26hpf of development, the ratio of dividing 
GFP(+)cells was not affected by NICD or MCT8MO (Fig. 5.8 A). When analyzing and 
categorizing the type of division (Fig. 5.8 B-D), chi-square analyses (Fig. 5.8 B) revealed 
differences in the proportion of symmetric and asymmetric divisions between groups. 
Symmetric divisions were not altered by Notch overexpression and/or MCT8MO (Fig. 
5.8 C). In contrast, a significant decrease in the number of asymmetric divisions cells was 






Figure 5.7 - NICD overexpression in a HuC reporter line in CTRLMO and MCT8MO 
embryos in the spinal cord. A- Representative images of spinal cord in live imaging of 23hpf 
zebrafish at the start of imaging (light sheet microscopy).   Huc(+) neurons are shown in white 
(mCherry) in the reporter line Tg(HuC:mCherry). Embryos were co-injected at the 16 cell stage 
with NICD mRNA, and GFP mRNA so the progeny of the injected cell could be identified. Cells 
overexpressing NICD are labelled in magenta. Dorsal views of single slices between somite 8-15 
are shown, anterior spinal cord up. All images have the same amplification, scale bar 50 µm. B - 
Representative image of apoptotic cell blebbing in a MCT8MO embryo. Scale bar 50 µm C- 
Detail of symmetric division originating 2 morphologically similar HuC(-) cells. The yellow 
arrow denotes a cell undergoing symmetric mitosis, the yellow arrowheads indicate daughter 
cells. D- Representative images of asymmetric division. Dividing cell (yellow dashed line) 
originates 2 Huc(-) daughter cells (yellow line)..  The scale bars in C-E represent 20 µm. The 
respective images of each panel have the same amplification. The spinal cord limit is indicated 










Figure 5.8 – Cell division analysis in MCT8MO embryos with NICD overexpression. 16-cell 
stage embryos DRA2 or DRA1 blastomeres were co-injected with NICD mRNA (to constitutively 
activate Notch), and GFP mRNA so the progeny of the injected cells could be identified. Live 
imaging was performed using light sheet microscopy from 23hpf to 26hpf. A stack was taken 
each 15 min. GFP(+) cells were counted and tracked for evaluation of cell division type 
(symmetric/asymmetric). A – % of analysed cells GFP(+)/ HuC(-) that underwent division. B – 
χ2 analysis showed differences in the distribution of the number of cell undergoing symmetric or 
asymmetric divisions amongst experimental groups (p<0.01). C - % of cell undergoing symmetric 
division. D  - % of cells undergoing asymmetric division . The results in A, C, D are presented as 
the mean±SD, results in B show ratio of cell type division in all cells analyzed. N = 5-6 individuals 
per group (number of cells evaluated by group: CTRLMO=56; MCT8MO=77; NICD CTRL=93; 
NICD MCT8MO= 46); Statistical significance in A, C, D was determined by a one-way ANOVA 
followed by a Holm-Sidak’s multiple comparison post hoc analysis, *p<0.05. 
 
5.2.4 Development of neurons and glial cells is delayed in MCT8MO embryos 
In order to understand the impact on neural cell development and diversity of the loss of 
neural progenitor cell populations, neurons and glia present in the spinal cord of zebrafish 
embryos at various stages of development were quantified, starting at 15hpf. At this stage 
the neural tube is still not closed but gliogenesis is underway and approximately 50 post 
mitotic neurons are present in the spinal cord section analysed.  
Comparison of neurons distribution in the spinal cord at different stages of development 
(Fig. 5.9), revealed that HuC(+) cells in MCT8MO were more disorganized and the spinal 
cord had an irregular  shape. At 15, 22 and at 36hpf in MCT8MO embryos (Fig. 5.9 B, 
D, H, K), the number of post-mitotic neurons (HuC/D(+)) were significantly decreased 




number of neurons was observed (Fig. 5.9 D, J, K), although the disorganization of 






Figure 5.9 (previous page) – The number and distribution of HuC/D(+) cells in the spinal 
cord of MCT8MO embryos is compromised at specific stages of development. A-J 
Representative maximum projection images of the pan-neuronal marker HuC/D immunostaining 
(white) in the spinal cord between somite 8-9 acquired with lightsheet microscopy. A, C, E, G, I 
show CTRLMO embryos at different stages of development displaying the normal pattern of 
neuron distribution in the spinal cord. B, D, F, H, J  show MCT8MO embryos,  where the 
distribution of neurons is altered (D’’, F’’,H’’,J’’). (A - J) Dorsal views, anterior spinal cord up. 
(A´- J’) Lateral view, anterior spinal cord right. (A’’- J’’) Transversal view dorsal spinal cord up. 
Scale bars 25 µm. K - Quantification of the number of HuC/D single positive cells in a 2 myotome 
length of the spinal cord. n=9-17. CTRL (CTRLMO); MO (MCT8MO). Results are presented as 
mean±SD; Statistical significance determined by t-test: two-sample, assuming equal variances: 
*p<0.05; ***p<0.001 
 
Glial cell development was analysed using ZRF1 antibody that labels cell projections, but 
not the cell body. The stained area was used as a proxy for the number of glial cells present 
as it was not possible to count them. In CTRMO embryos at 15hpf few glial cells are 
present. They were organized in the developing ventral spinal cord along the ventricle 
(Fig. 5.10 A-C, arrows in C). In MCT8MO embryos the development of these cells was 
significant delayed and only scattered GFAP fibers were detected in the ventral-most 
neural tube (arrow in Fig. 5.10 D-F, arrows in F). This was further confirmed after 
quantification of the staining area for GFAP (Fig. 5.10 S). 
At 22hpf the neural tube was closed, and glial cells were present throughout the spinal 
cord of CTRLMO and MCT8MO and accumulated along the ventricle and in the non-
apical region surrounding the spinal cord (Fig. 5.10 G-L). At this stage in MCT8MO 
embryos altered patterning of glial cells was observable, and they occupied a smaller area 
(Fig. 5.10 J-L, S). At 25hpf glial cell patterning was different between CTRMO and 
MCT8MO embryos (Fig. 5.10 M-R), although the area occupied by the GFAP cell 
projections was similar (Fig5.10 S).  
The quantitative results suggest an imbalance/delay in the development of both neurons 
and glial cells in MCT8MO embryos up to 22hpf, and recovery by 25hpf. The spatial 
distribution of neurons and glial cells was not identical between CTRLMO and MCT8MO 







Figure 5.10 – MCT8MO have altered glial cell development of during early neurogenesis. 
Representative maximum intensity projection images of the spinal cord between somite 8-9. Glial 
cell are labelled with ZRF-1 immunostaining (white, labelling GFAP fibers) and imaged using 
light-sheet microscopy. A-F,  at 15hpf glial cell fibers are organized in the developing ventral 
spinal cord, in MCT8MO the development of these cells is delayed and only some scattered GFAP 
fibers are detected in the ventral-most neural tube (arrows in F). G-L, at 22hpf the neural tube is 
closed, and glial cells can be detected throughout the spinal cord of CTRLMO and MCT8MO. 
M-R, at 25hpf patterning of glial cells is altered in MCT8MO embryos. (A, G, M, D, J, P) Dorsal 
views, anterior spinal cord up. (B, H, N, E, K, Q) Lateral view, anterior spinal cord right. (C, I, 
O, L, F, R) Transversal view dorsal spinal cord up. All scale bars represent 25 µm. Dashed yellow 
lines denote spinal cord boundaries. S - Quantification of the area of GFAP staining in a 2 
myotome length of the spinal cord. n=9-17. CTRL (CTRLMO); MO (MCT8MO). Results are 






The irreversible neuronal effects of pathologies arising from early embryonic deficit of 
MTH, cannot be rescued by subsequent treatment with TH. This is evidence of the critical 
time window of action of TH in neurodevelopment. The loss of progenitors during early 
stages may be reflected in the loss of specific cell lineages. Here we show that hindered 
MTH cellular uptake affects apoptosis and proliferation during neural development in 
zebrafish. During development, the effect of MTH over neural progenitor cell 
apoptosis/proliferation presents a differentiated mode and a temporal-restricted action. 
We also show that during the 23-26hpf window of development of the spinal cord in 
MCT8MO, Notch cell autonomous signalling is not sufficient for the maintenance of 
progenitor asymmetric cell divisions. This may be reflected on the observed neural cell 
number decrease.    
5.3.1 Hampered MTH cellular uptake affects apoptosis and cell proliferation of neural 
progenitors 
TH action over cell survival has been described in several animal models. In mammalian 
cells TH is directly involved in the development of granule neurons and affects the 
survival and differentiation of these cells (Heisenberg et al. 1992) and also prevents 
apoptosis (Muller et al. 1995). TH deficiency decreases proliferation and delays the 
maturation of cerebellar GABAergic precursor interneurons, and modified the number of 
mature GABAergic neurons and GABAergic terminals in hypothyroid rat foetuses 
(Manzano et al. 2007). Although TH are involved in the proliferation of a wide variety of 
cell types, its action on cell proliferation depends on the cell identity, its developmental 
state and cellular context (Puzianowska-Kuznicka et al. 2006). In the mouse developing 
brain, TH regulate genes involved in cell cycle progression and proliferation (Gil-Ibañez 
et al. 2015; Morte et al. 2010). Thyroid hormone-induced cell proliferation in granule 
cells is mediated by changes in G1 cyclin/cyclin-dependent kinase levels and activity 
(Barrera-Hernandez et al. 1999). In agreement with mammalian models, the 25hpf 
MCT8MO embryo transcriptome had highly modified (Chapter2) cell cycle gene 
expression, which is suggestive of hindered cell cycle progression. 
Here using genetic manipulation and imaging an increase in apoptosis and a decrease in 
mitotic progenitor cells in the spinal cord and hindbrain at specific developmental stages 




the cellular availability of MTH in MCT8MO zebrafish was time and tissue specific.  
While apoptosis is increased in MCT8MO embryos at all stages, her2 and dla apoptotic 
cells are only affected at specific time-points. The effect of MCT8MO on these specific 
progenitor cell populations was similar in the hindbrain and spinal cord. They indicate 
that her2 cells depend on an appropriate supply of MTH for survival during establishment 
of primary neurons at 12hpf , while for dla(+) cells a similar effect is observed at 25hpf.  
In contrast, proliferation of dla(+) cells when cellular TH uptake is disrupted in 
MCT8MO suggests an appropriate supply of MTH is required from the first stage of 
neurogenesis at 10 and 12hpf while her2(+) cells are affected only at 18hpf. her2 has 
been described as being expressed in NSC (Cheng et al. 2015) however the exact function 
of Her2 protein in zebrafish brain development is unclear, and its downstream targets 
remain to be identified (Gao et al. 2015).  dla is expressed in neural precursors and 
transiently in post-mitotic neurons at 11.5hpf (Appel & Eisen 1998). Although co-
expression of her2 and dla was previously established by single cell analysis in WT 
zebrafish embryos (discussion in Chapter 3), the effect of MTH deficiency over 
proliferation and apoptosis of her2 and dla expressing cells is unequal. This reflects the 
diversity of cells present and most likely their maturity level, with the outcome being the 
decrease in neuron and glial cell diversity observed in MCT8MO embryos in Chapters 2 
and 4. The increased cell death of progenitor cells especially at an early stage of 
neurogenesis, can be a contributing factor for the reduction of progenitor pools leading to 
compromised neurogenesis.  
5.3.2 MTH is needed for the development of cells originating from asymmetric division 
of progenitors 
Cell oriented division is a determinant of progenitor fate. Symmetric cleavage division 
originates 2 daughter cells with the same identity, while asymmetric cleavage divisions 
gives rise to distinct cell identities (Götz & Huttner 2005). The maintenance of mitotic 
events, as labelled by PH3, in MCT8MO embryos at 25hpf compared to CTRLMO (Fig. 
5.5 B,D,F) was reflected in the analysis of cell division, since very few differences were 
observed in the spinal cord in the developmental interval under study (Fig. 5.8). The 
number of cells dividing and the number of cells undergoing symmetric divisions were 
not affected by the hindered cellular uptake of MTH between 23-26hpf. This 
demonstrates that towards the end of primary neurogenesis MTH is not involved in 




In rat, neural progenitors in the ventricular zone of the brain cortex express TRα1, Mct8 
and deiodinase II. Deficiency of MTH leads to a delay in symmetrical divisions of these 
progenitors, as well as a reduced cell cycle length, leading to apoptosis with the outcome 
being a reduction in the progenitor pool (Mohan et al. 2012). It was established that 
indirect neurogenesis was more susceptible to MTH than direct neurogenesis. In zebrafish 
intermediate progenitors (IP) are not well characterized, although some have been 
described, namely IP originating V2 neurons (Kimura et al. 2008; McIntosh et al. 2017). 
However, IP cells in zebrafish express HuC, and the divisions of HuC(+) cells were not 
analysed in the present study. When the effects of MTH loss on neuron types are 
considered, especially in the case of inhibitory neurons, there is a clear loss of specific 
identities like pax8(+) neurons (Campinho et al 2014). It remains to be determined if this 
loss is a consequence of depletion of specific IP lineages or if this is a direct effect on IP 
generating pax8(+) neurons that lose the ability to generate such neurons in the absence 
of MTH or both. Although these gaps in our knowledge of MTH action, it is clear from 
our data that loss of MTH reduces the neuronal diversity of the spinal cord.  
The observed decrease in asymmetric divisions is in line with the loss in glial cell volume 
observed up until 22hpf. Asymmetric division during early development is a known 
driver of cell type diversity; the lack of MTH may be restraining the diversity of cell fates 
achieved. In Chapter 3 it was demonstrated that the identity of glial cell types arising from 
Radial Glia Progenitors (RGC) was modified in MCT8 morphants compared to 
CTRLMO embryos. Loss of MTH favoured spinal cord ventral RGC at the expense of 
middle RGC. Likewise, middle spinal cord astrocyte-like slc1a2b(+) cells were lost in 
MCT8 morphants at the expense of dorsal and ventral distal astrocyte-like cells. 
Considering the results of the present work and chapter 3, the data suggest that appropriate 
cellular availability of MTH is required to modulate glial progenitor cell differentiation 
to promote the formation of the diverse cell types of the spinal cord. How this is achieved 
either by i) acting on specific glial progenitor survival, ii) glial progenitor outcome, or iii) 
both, remains to be investigated. 
5.3.3 Is the downregulation of Notch pathway in MCT8MO zebrafish the cause for the 
loss of neural populations? 
Notch activation maintains cells in a proliferative undifferentiated state delaying cell 




induced Notch overexpression has previously been reported (Park & Appel 2003). Rescue 
of death/decreased cell proliferation in MCT8MO zebrafish embryos by using a mosaic 
overexpression model of Notch was used to assess if MTH regulation of Notch signalling 
was cell autonomous.  
In the mouse neocortex the TH dependent Cajal Rezius cells produce reelin which induces 
Notch signalling in early RGC, promoting symmetric proliferative divisions (Lakomá et 
al. 2011). In the present study more symmetric divisions in NICD(+) groups, due to 
increased progenitor cell number was not observed. Although differences in the structure 
of the spinal cord and cell anatomy were observed, the number of symmetric division 
characteristic of progenitor proliferation was not modified in MCT8MO. 
Notch signaling blockade by pharmacological intervention in zebrafish whole embryos at 
any time during embryogenesis depletes spinal cord radial glia whereas expression of 
constitutively active Notch causes formation of a large excess of radial glia (Kim et al. 
2008). Here both MCT8MO and Notch cell autonomous over-expression showed no 
effect over symmetric cell division, while decreasing asymmetric divisions in MCT8MO 
embryos that was not rescued by Notch overexpression. This shows that MTH cellular 
uptake by MCT8 is sufficient, or enables other factors, to achieve the full diversity of 
cells necessary for a functional CNS, independently of Notch cell autonomous over-
expression.  
One the caveats of the technique used is that overexpression is achieved mostly in isolated 
cells and we could not determine if the analyzed Notch overexpressing cells express 
MCT8 and consequently are MTH target cells. This could justify the fact that Notch 
overexpression had no effect over cell divisions. Another aspect maybe that both Notch 
interacting cells need to respond to MTH. In this case MTH would be acting at the cell 
level as an integrator factor. This mimics TH action in vertebrate metamorphosis, where 
it is an integrator that enables different organs to mature at specific times, in order to 
enable a stepwise change in organ function and physiology of the organism. 
5.3.4 Development of neurons and glial cells is delayed in MCT8MO zebrafish embryos 
Glial area and neuron number were diminished in MCT8MO embryos from 15 until 
22hpf, while by 25hpf they reached numbers similar to CTRLMO. Although a rescue in 




In MCT8MO at 25hpf there was compensation of neurons, at 36hpf neuron population is 
again decreased in MCT8MO with a rescue again at 48hph. Nevertheless, if these 
compensatory neurons have alternative identities remains to be determined. The recovery 
in neuron number echoes observations in the hypothyroid rat cortex, where at E18, 
primary neuron population loss was rescued by some non-described compensatory 
mechanisms. Nonetheless this increase was selective and restricted to specific layers of 
the cortex (Mohan et al. 2012). Although the number of cells was the same at 48hpf, they 
may not have the same identity. In fact results of previous chapters indicate a series of 
neuron marker genes, such as neurod6b, neurod4 and pax8 that showed a decrease in 
expression which persists until 48hpf (Chapter 2, Chapter 3, (Campinho et al. 2014)).  
Neuron compensation may reflect the sensitivity of different neural progenitor cell pools 
to MTH, where in the absence of a certain cell, another occupies its niche. Extra 
compensatory cell divisions occur to replace lost cells (Abrams 2002). This is reflected 
in our own data where at 25hpf there is already a recovery of cell proliferation from 22hpf 
(Fig5.K). Compensatory mechanisms occur in motor neuron development, where ablating 
newly PMN, gave rise to replacement presumably by neighbouring precursors cells 
(Appel et al. 2001).  
Here we show that uptake of MTH via MCT8 is necessary for the early development of 
glial cells in the zebrafish spinal cord. Glial cells play a vital role of in brain development 
and homeostasis, having neurogenic potential (Barry et al. 2014). In the developing 
zebrafish spinal cord GFAP(+) radial cells constitute the major NSC population. They 
have been shown to originate secondary motor neurons, oligodendrocyte precursors and 
CoSa (Secondary Commissural) and VeLD (Ventral Longitudinal) interneurons (Johnson 
et al. 2014, 2016). MCT8MO embryos display hindered GFAP cell development that can 
compromise the formation of specific cell fates and neuron migration and maturation. 
The capacity for MCT8MO embryos to recover both neuron number and glial cell staining 
at later stages of neurogenesis is likely a reflection of remaining, MTH-non dependent 
cell progeny to fill that gap at the cost of decrease diversity. The identity of these cells 
remains however undetermined. 
5.4 CONCLUSIONS 
Overall, the results indicate that cellular uptake of MTH by MCT8 is necessary for the 




differentiation in the spinal cord was decreased by ablation of cellular MTH transporter 
by MCT8, and this action is either: i) independent of Notch or ii) acts on Notch signalling 
in a cell-non autonomous manner. These effects on progenitor cells ensure the timely 





5.5.1 Zebrafish maintenance 
Adult wildtype (AB), Tg(elav3:LY-mCherry) (Bianco et al. 2012) and  
Tg(hsp70l:1xMYC-notch1a-intra)fb12 (Zhao et al. 2014) zebrafish were used for egg 
production. Fish husbandry was carried out in strict accordance with the EU Directive on 
the protection of animals used for scientific purposes (2010/63/EU) and all experiments 
were approved by CCMAR ethical committee. Adult fish were kept in a ZebTEC 
zebrafish housing system (Tecniplast, Italy) at a 14 h/10 h light/dark cycle, at 28 ± 0.2 
°C. The breeding stock was fed three times a day: twice with granulated food (Tetra 
granules, Germany) and once with Artemia sp. nauplii. The night before egg collection, 
one female and one male zebrafish were separated in breeding tanks with a perforated 
bottom. The separator was removed when the lights turned on in the morning.  
5.5.2 Morpholino injection  
Upon spawning embryos were immediately collected and microinjected at the 1-2-cell 
stage with 1nL of morpholino solution containing either 0.8pmol CTRLMO or MCT8MO  
as described in (Campinho et al. 2014). Embryos were randomly distributed into plastic 
plates containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 0.33 mM 
MgSO4) and and incubated until sampling time at 28.5ºC (Sanyo, Germany) under 
12h:12h light:dark cycles. Staging was done after (Kimmel et al. 1995) by observing 
developmental landmarks in control embryos.  
5.5.3 Fluorescent whole mount in situ hybridization - WISH 
Animals were incubated at 28.5°C and fixed at 10, 12, 18,22 and 25 hpf in 4%PFA/1xPBS 
pH 7.4. washed in PBST, depigmented when needed with 0,3%H2O2/0,5%KOH/PBS, 
transferred into 100% methanol and stored at -20ºC until use. .Zebrafish samples in 100% 




MeOH to 100% PBS) and finally rinsed several times in PBS/0.1%TritonX100 (PBST). 
Samples were digested with proteinase K (1 µg/mL) in 1×PBS from 1 to 20 minutes 
depending on embryonic stage. After permeabilization samples were re-fixed in 4% 
PFA/1×PBS for 20 min, washed several times with PBST and then pre-hybridized for 2 
hours at 68 °C in hybridization mix (HybMix). HybMix was discarded and replaced by 
pre-warmed HybMix containing 0.50 ng/mL of Dig-labelled cRNA (her2 and dla, chapter 
2) and hybridized overnight at 68 °C. Samples were then subject to stringency washes, 
Hyb(−): 2×SSC to 2×SSC + 0.1% Tween-20 (2×SSCT) and finally washed twice for 
30 mins in 0.2×SSCT at 68 °C. Samples were then washed at room temperature in 
0.2×SSCT/Malic acid buffer  (Sigma-Aldrich, USA) and followed by several washes in 
MAB + 0.1% TritonX-100 (MABTrx).  
Probe Detection:  Samples were pre-incubated for 2 h at room temperature in blocking 
solution (BS) MABTr + 10% sheep serum (Sigma-Aldrich)/2% Blocking solution 
(Roche, Switzerland) and then overnight at 4 °C in anti-DIG-POD Fab fragments serum 
(1:500, Roche, Switzerland) diluted in BS. Samples were washed in PBSTween and then 
incubated in Fluorescein Tyramide 1:100 in amplification reagent (Perkin Elmer) for 
fluorescent color development, according to the instructions, followed by several washes 
in PBSTw.  
5.5.4 Apoptosis and mitosis detection  
Immediately after fluorescent wish, embryos were washed for 15 minutes at RT with in 
1xPBS/0.1% TritonX 100 (Sigma)/0.1 M Sodium Acetate pH6. Embryos were further 
treated 15 minutes at RT with 1 ug/mL Proteinase K (Sigma) followed by four 5 minutes 
washes in 1xPBT. Apoptotic cells in experimental animals were identified using the 
Roche in situ cell death TMR-red detection kit according to the manufacturer’s 
instructions, including experimental controls. 
Immediately after fluorescent wish, embryos were subject to immunohistochemistry to 
detect mitotic cells. The primary antibody used was rabbit anti-PH3 1:500 (Millipore), 
and the secondary antibody goat anti-rabbit IgG-CF594 (Sigma). Antibody incubation 
and blocking steps were performed in 1xPBS:10%Sheep serum. 
Lightsheet Z.1 (ZEISS) microscope was used to acquire images of wish-apoptosis and 
wish-mitosis, the fast acquisition time and low laser power allowed to maintain the highly 




agarose (CarlRoth, Germany) and imaged using dual illumination and a z step of 1,69µm 
or 1,813 µm depending on the zoom used. The full depth of the medial spinal cord was 
acquired using 10x lens, 2.5x or 1x zoom. Briefly dual illumination images from the Z.1 
were merged using Dual side Fusion (Zen Black, Zeiss) images were then imported into 
Fiji (Schindelin et al. 2012), ROI for the spinal cord was selected in a 2 somite area 
between somite 9-12 with measured area being 8.8mm2 for 18, 22, 25hpf, through the full 
depth of the spinal cord. For the hindbrain measurements of 10 and 12hpf embryos an 
ROI of 62 mm2 incorporating also the spinal cord was selected, while for 18hpf ROI was 
27.3 mm2 and for 22, 25 hpf was 41.2 mm2, through the full depth of the hindbrain. 
Threshold was adjusted and fixed for each target.  The “Colocalization Colormap” plugin 
was used to find areas of colocalization. Colocalized cells where then counted manually 
with the aid of “3D object counter” tool in Fiji. 
5.5.5 NICD Overexpression 
Plasmids containing the cDNA coding for CAAX-GFP (membrane label), and the Notch-
intracellular domain (NICD) (Takke & Campos-Ortega 1999) were linearized and 
mRNAs synthesized using the mMessage Machine SP6 transcription kit from Ambion, 
following the manufacturer’s instructions The mRNA was purified by phenol: 
chloroform, diluted in RNAse free water and frozen at -80C until use. In this experiment 
a variant of zebrafish notch1a, notch1a-intra, was used, which encodes a NOTCH receptor 
that is constitutively active in neurogenesis. It is considered that the effects of injection 
of this mRNA are attributed to high NOTCH activity in general (Takke & Campos-Ortega 
1999).  
 
5.5.6 Live Imaging  
Zebrafish Tg(elav3:LY-mCherry) (Bianco et al. 2012) x WT AB previously injected with 
CTRL or MCT8MO were used for mRNA injection. Tg(elav3:LY-mCherry) embryos 
express the membrane-bound Cherry fluorescent protein driven by the HuC promoter, a 
marker for neurons. 90 pg of each mRNA, NICD and/or GFP, were injected into one 
blastomere (DRA1, DRA2) (Strehlow et al. 1994) between the 16- to 32-cell stages for 
mosaic overexpression of NICD. This technique is based on the assumption that GFP 
expressing cells, which can be visualised, also express the products of the co-injected 




response of NICD in CTRL and MCT8MO injected embryos. 4 groups were formed, 
Caax-GFP injection in MCT8MO and CTRLMO; NICD and Caax-GFP injection in 
MCT8MO and CTRLMO. Embryos were left to develop at 28°C until 22hpf, when 
sorting and mounting for imaging was performed.  
Imaging was carried out by light sheet microscopy, Lightsheet Z.1 (ZEISS, Germany), as 
described previously (Weber et al. 2014), with minor alterations. Briefly, embryos were 
anesthetised, mounted alive in 0.3% (w/v) low-melting agarose (LMA) in E3 medium 
containing tricaine (200mg/L) into FEP tubes closed with a 1% LMA plug. 3 animals per 
group CTRLMO and MCT8MO were imaged in the same tube. Experiment was repeated 
2x, with a total of 6 animal per group analysed. Time lapses were performed starting at 
23hpf and stacks ranging the full depth of the medial spinal cord was acquired every 15 
min during 2,5h. The spinal cord was imaged with x20 lens, 2x zoom with a z-step of 
1.56 μm with single angle and dual illumination.  
Dual illumination images from the Z.1 were merged using Dual side Fusion (Zen Black, 
Zeiss). Images were then imported into Fiji and a region of interest was selected in a 2 
somite area between somite 9-12. Analysis of cell divisions was performed manually 
using in FIJI (Schindelin et al. 2012). Only Huc(-) cells expressing GFP were tracked for 
analysis. For neuron measurements the 3D object counter in Fiji was used. For glial cell 
area measurements, we used a maximum intensity projection and measured the stained 
area in Fiji.  
5.5.7 Immunofluorescence for neurons (HuC) and glial (ZRF-1) cells 
Animals were incubated at 28.5°C and fixed at 15, 18, 22,  25, 36 and 48hpf in 
4%PFA/1xPBS pH 7.4 o/n. Embryos were washed in PBST, depigmented when needed 
with 0,3%H2O2/0,5%KOH/PBS, transferred into 100% methanol and stored at -20ºC until 
use. Samples stored in MtOH were rehydrated, and primary antibody incubation was 
performed in 1xPBS:10%Sheep serum:0,5%Triton O/N. Primary antibodies used were: 
rabbit anti-HuC/D (1:500, 16A11 - Invitrogen), mouse anti-Zrf1 (1:100 - ZIRC). Samples 
were washed and secondary antibody fluorescent labelling was carried out using a goat 
anti-mouse IgG-CF594 (Sigma), IgG-CF488 (Sigma) anti-serum (1/400), goat anti-rabbit 
IgG-488 Hilite (Jackson Labs). Fluorescent imaging of the spinal cord was carried out 
using a Lightsheet Z.1 (ZEISS, Germany) microscope with single angle and dual 




5.5.8 Statistical Analysis 
Statistical analysis was done using Graphpad Prism v6.01 (San Diego, USA). Values are 
represented as means ± SD. Normality of the data was previously accessed using 
D'Agostino & Pearson omnibus normality test. Statistical significance was determined 
either by a one-way ANOVA followed by followed Holm-Sidak’s multiple comparison 
post hoc analysis, or by t-test: two-sample, assuming equal variances. Significance was 
considered if p<0,05.  
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CHAPTER 6   
DISCUSSION AND GENERAL CONCLUSIONS  
The developmental process in animal species begins during oogenesis when RNA and 
proteins of maternal origin are accumulated as the oocyte grows and matures. The early 
stages of embryogenesis are regulated by maternally inherited components (Telford et al. 
1990).  TH is one of these inherited factors (Cai et al. 2019; Chang et al. 2012; Power et 
al. 2001; Ruuskanen et al. 2018).  
TH action during development has been for long regarded as having pleiotropic actions. 
Their role on major developmental pathways has been related to a wide and complex 
variety of effects, depending on cellular context and timing, being understood as 
providing “phenotypic stability” (Bernal 2016). Metazoans have evolved mechanisms for 
the targeted action of inducer molecules (being hormones, growth factors or 
neurotransmitters) that circulate through the entire organism. This specificity is achieved 
by the expression of specific membrane or nuclear receptors in target cells, allowing these 
molecules to act only in specific regions/ cells in the body (Cabej 2018).  
6.1 GENETIC REGULATION BY MTH 
We use an established zebrafish monocarboxylic acid transporter 8 (MCT8) knock-down 
model, to block cellular uptake of maternal TH (MTH). By performing transcriptome 
analysis in 25hpf whole zebrafish embryos, a time halfway during embryonic 
development and where morphants phenotype could be easily identified, we were able to 
generate, for the first time, a window into the genetics of MTH action in a vertebrate 
model. Reactome pathway analysis revealed MTH to influence the expression of 4,343 
genes, representing 8.1% of expressed primary transcripts, (Chapter 2). The number of 
modified genes is in the range of other transcriptomic studies into TH action during 
development 7.7% in primary mouse cerebrocortical cells (Gil-Ibañez et al. 2015) and 
4.5% in astrocyte enriched cultures (Morte et al. 2018). Many of the thyroid-hormone-
responsive genes are transcriptionally-regulated directly by TRs, but others are regulated 
indirectly through intermediary genes (Oetting & Yen 2007). Our data together with the 
other studies, shows that MTH action gives rise to a cell/tissue/embryo wide response that 




Reactome pathway analysis allocated differentially expressed genes to 1681 biological 
pathways thus showing the generalised importance of MTH during development. The 
transcriptomic results served as a foundation for the remaining work of the thesis.  
Although our analysis was performed in whole-embryos and the global response obtained 
by transcriptomic analysis is wide-ranging, the modification of TH cell uptake in 
MCT8MO was not disruptive to the overall general development, and this tends to 
emphasize the specificity of TH action during zebrafish embryogenesis.  
Pathway analysis revealed that MTH has an action over major developmental pathways 
like Shh, Wnt and Notch. Since these pathways are major morphogenic factors involved 
in differentiation and cell fate decisions, they are crucial to the establishment of the full 
diversity of cell fates and their correct distribution and so for the proper development of 
the CNS  (Andersson et al. 2011; Gouti et al. 2015). 
6.1.1 MTH and Shh  
Positive direct regulation of shh by T3 is well recognised (Chatonnet et al. 2015; Desouza 
et al. 2011; Gil-Ibañez et al. 2015). In our dataset both shha and shhb were upregulated, 
going against previously published data in other species. We have no explanation for this, 
except to question if in zebrafish at this developmental stage shh is a direct target of T3. 
A hypothesis for our results may be that the action of MTH on progenitor cells expressing 
pax6a may be indirectly regulating shh expression. Downregulation of Pax6 in offspring 
of hypothyroid mice has been reported previously (Mohan et al. 2012), while a loss of 
PAX6 expression was also observed in the cerebellum of  MCT8 knock-down chicken 
embryo (Delbaere et al. 2017). In mice and zebrafish downregulation of Pax6 results in 
precocious and expanded expression of Shh, whereas gain-of-function of pax6 inhibits 
shh expression in zebrafish only (Chatterjee et al. 2014). This may be the case here, since 
MCT8MO embryos showed downregulation of pax6a expression in the brain and spinal 
cord. Other Shh pathway components modified in MCT8MO at 25hpf, include the 
patched 2 (ptch2) receptor that is involved in negative regulation of Shh signalling is 
increased while its activating co-receptor smoothen (smo) was downregulated (Chapter 
2). To add to this complexity, the Shh positive effector, gli2a, increased its expression 
while gli2b and gli3 (repressor) expression decreased (Chapter 2). These observations 
indicate that the regulation of the Shh pathway by MTH occurs in multiple players and 
likely occurs in a cell-specific manner. This complex regulation of Shh in zebrafish 




amplitude of SHH expression increased over time while the activity of its effector genes 
Gli decrease (Cohen et al. 2015). Taken together, these finding highlight the limitations 
of the whole-embryo transcriptional analysis as it is not possible to understand in a cell-
wise manner the specific effects of MTH on the Shh pathway and highlights the need for 
a cell centred approach in future studies. 
6.1.2 MTH and Wnt 
Crosstalk between TH-TR and the Wnt pathway have been shown to exist in a range of 
tissues during development, and is present at several levels, including the control of gene 
expression, physical interactions and functional synergism (reviewed in Skah et al. 2017). 
Wnt signalling is a hallmark of self-renewing activity in vivo in mouse SVZ cells, 
promoting progenitor expansion and clonal output (Kalani et al. 2008). In the spinal cord 
a dorsal Wnt gradient is important for proliferation of ventricular progenitor cells and the 
formation of dorsal neurons (Megason & McMahon 2002). In our dataset all Wnt ligands 
were upregulated. Also, the increase in expression domain of wls in the spinal cord 
(Chapter 2) implies that the dorsal to ventral Wnt gradient is enlarged. This can have an 
effect over progenitor cell domain establishment and consequently the fate of their 
progeny. The biological output coming out from altered relationships between different 
Wnt ligands and receptors were not addressed in this work and those constitute an 
interesting avenue of research to pursuit.  
This is especially relevant since the results obtained highlight the role of MTH over 
different signalling pathway, particularly Notch. Wnt is known to interact very 
dynamically with the Notch pathway in a number of developing vertebrate tissues and 
cell types (Collu et al. 2014; Rallis et al. 2010; Zhou et al. 2009). The established 
relationships Notch/Wnt may be influenced by the presence of MTH. 
6.1.3 MTH and Notch 
The Notch pathway was targeted in zebrafish embryos to test the hypothesis that MTH is 
involved in fate choices in the CNS since the loss of MTH signalling affected neural 
progenitor populations (Chapter 2 and 3). qPCR analysis of elements of this pathway 
revealed alterations in genes belonging to  both receptor- and ligand-expressing cells. 
Moreover, the effect of MTH was time-dependent especially at 12 and 22-25hpf. The fold 





To test if MTH acted upstream of Notch signalling and was sufficient in a cell-
autonomous manner to rescue the MCT8MO phenotype, NICD mRNA was 
overexpressed in blastomeres (DRA1, DRA2) giving rise to spinal cord cells and isolated 
cells were analysed. Imaging between 23-26hpf using a Tg(elav3:LY-cherry) 
background, showed that in MCT8MO spinal cord cells undergoing asymmetric divisions 
originating glial cells or intermediate progenitors were decreased. This decrease in 
asymmetric divisions could not be rescued by Notch overexpression. This revealed that 
MTH signalling is required for intermediate progenitor (IP) development but the Notch 
MTH-dependent signalling was not cell autonomous. The observation that both receptors, 
delta and jagged ligands were changed in MCT8MO supports the conclusion.  
As observed for TH action in the mouse cortex (Mohan et al. 2012), in the zebrafish spinal 
cord MTH action seems to be more important for indirect neurogenesis given the decrease 
in expression of neurog1 and neurod6b (Chapter 2, Chapter 4), markers of neuron 
committed progenitors.  
Another possibility is that in 23-26hpf embryos cell sensitivity to Notch signalling was 
reduced. In fact her2 modulation by Notch decreases during development in zebrafish 
(Cheng et al. 2015). Thus, cell autonomous NICD signalling is not sufficient to overcome 
the loss of MTH signalling and depends on direct interactions with neighbouring cells. 
Further support for this hypothesis comes from the decrease in dla and dld expression and 
upregulation of jag2a and jag1b in MCT8MO at 25hpf. Given that these Notch ligands 
have opposing roles (Boareto et al. 2015; Manderfield et al. 2012; Shaya & Sprinzak 
2011), this may indicate that alternate types of cellular interactions are being favoured in 
the absence of MTH. This suggests that in MCT8MO embryos alternative cell 
populations are present and that the role of MTH is too promote cell diversity in the CNS. 
An example of this is found during Xenopus neurodevelopment where hyperactivation or 
inhibition of Notch signalling delays or anticipates neurogenesis, respectively in neurula 
stages but by hatching embryos present neurogenic gene expression levels similar to 
control (Solini et al. 2020), although it was not determined if the identity of the cells are 
similar to control siblings.  
From our data a hypothesis arises that MTH could function as an integrator factor that 
allows to precise balanced ratios of different Notch receptors, ligands and Notch 




developmental times and cellular contexts, giving rise to the different developmental 
outcomes necessary for the development of a fully functional CNS.  
6.1.4 MTH effect on cell cycle 
Transcriptome analysis revealed that when the cellular uptake of MTH was impeded in 
MCT8MO embryos the cell cycle was one of the main affected pathways (Chapter 2). 
There was an increase in cell cycle inhibitor genes (cdkn1a, cdkn1ba) that may cause an 
impaired cell cycle progression in 25hpf MCT8MO embryos. Both these genes are under 
the negative regulation of her2 (Cheng et al 2015). In MCT8MO embryos her2 expression 
was decreased and her2 and dla (+) progenitor cells had higher rates of apoptosis and 
decreased proliferation at similar developmental stages. Zebrafish MCT8MO embryos 
had less progenitor cells and increased apoptosis and decreased proliferation, which may 
indicate that specific progenitor populations require MTH for survival/differentiation. 
The ISH analysis shows that only a subset of her2 and dla (+) progenitors was modified 
in MCT8MO suggesting these cell populations may be heterogeneous in terms of MTH 
responsivity. The loss of progenitor cells may explain the loss of specific cell lineages 
observed in MCT8 morphants and parallels previous observations in reporting pax8(+) 
neuron loss  (Campinho et al 2014). The timing of apoptotic and proliferation events in 
her2 and dla cell populations observed in MCT8MO embryos is mirrored by changes in 
gene expression of MTH-regulated genes (Chapter 2). Notch overexpression results 
presented here (Chapter 5) further indicate that asymmetric divisions generating putative 
intermediate progenitors (IP) decreased in the absence of MTH, from 23-26hpf. This 
supports the view that lineages of committed IP were lost in MCT8MO embryos and 
supports a role for MTH in indirect neurogenesis. Notably in MCT8 morphants, the most 
affected neurog1 expression field in the spinal cord was dorsal and medial (Chapter 4). 
These were the spinal cord regions where extensive loss of neurons occurs in MCT8 
morphants (Campinho et al 2014). Taken together the present and previous studies on 
MCT8MO embryos suggest that loss of particular MTH-dependent neurog1(+) 
progenitors may be the cause of specific spinal cord neuron underdevelopment. 
6.2 IDENTITY OF MTH DEPENDENT CELLS  
One of the main effects observed the MCT8MO embryos was the hindered development 
of specific cells types and the altered cytoarchitecture of the spinal cord. This lead us to 




et al. 2018) that the effect of impaired cellular uptake of MTH leads to the loss of specific 
cell fates. 
Throughout this thesis a number of cells were identified that were modified in MCT8MO 
suggesting they require MTH. Most of the analysed cell types showed decreased 
subpopulations in the hindbrain and spinal cord (Table 6.1). The remainder 
subpopulations although apparently not affected, presented altered spatial distribution. 
The effect of decreased MTH in MCT8MO varied with stage of development and location 
of cells in the CNS. An effect observed in some cell types was a specific decrease in 
spinal cord dorsal cell populations (especially fabp7a(+)) cells, but also her2(+), and 
GFAP(+) cells). Cells which development was affected in MCT8MO included neural 
stem cells, neuron progenitor cells, neuron committed progenitors, mature neurons, radial 
glial cells, oligodendrocyte precursors, and astrocyte-like cells (Table 6.1, Fig. 6.1). 
The development of specific neuron population in specific neural structures was 
compromised by hindered MTH uptake. Committed progenitors originating 
glutamatergic neurons (neurod6b) were completely lost in the midbrain and hindbrain 
while the forebrain was less affected. The expression of rorab in the eyes and midbrain 
and gabaergic (gad1b) neurons in the spinal cord neurons were also perturbed by the lack 
of MTH. Sensory neurons, ex. RB neurons formation was largely unaffected in 
MCT8MO (Chapter 3) but the effect over other sensory neurons populations was not 
analysed. 
In rats, foetal hypothyroidism have an initial effect of a diminished neural cell progenitor 
pool (Pax6(+)), which recovers later in development (Mohan et al. 2012), suggesting the 
initial pool was subsequently replenished. Although it was not determined if replenishing 
cells were similar to the lost cells (Mohan et al. 2012). A similar situation was observed 
in the spinal cord of zebrafish where pax6(+) cells were decreased (Chapter2), and the 
number of glial and neurons during primary neurogenesis was decreased but subsequently 
recovered by the end of embryogenesis (Chapter 5). Lineage tracing experiments in the 
future will be needed to fully confirm the identity of neuronal cells in zebrafish embryos 




Table 6.1 – Cell markers used to determine cell types in the present thesis and the effect observed 
by the lack of MTH. Grey areas denote analysed stages of development (= similar , + increase, - 
decrease in cells, d: dorsal spinal cord, v: ventral spinal cord). 
 
However, the fact that in MCT8MO zebrafish at 48hpf the number and diversity of neuron 
progenitors, mature neurons (ex. rorab, neurodb6, gad1b and pax8) and glial cell 
populations was decreased, may indicate that the replenished populations do not have the 
same identity and function as in control siblings. This notion is further strengthened by 
the observation that GFAP(+) glial cells in MCT8 morphants had distinct morphologies 
compared to control embryos. 
Previous studies in hypothyroid rat embryos showed neural intermediate progenitors to 
be more affected by hypothyroidism (Mohan et al. 2012). These progenitors are less 
important for clonal number but are essential for cell fate variability. This might be the 
reason TH deficit does not lead to microcephaly but appears to restrict the diversity of 
cells obtained. 
 hpf 
TYPE OF CELL MARKER 10 12 15 18 22 25 32 36 48 
Neural stem cell pax6a . . . . . - . . - 
Neural progenitor 
her2 = - . - - = - . . 




neurog1 . . . - . - - . - 
Neurod6b . . . . . - - . - 





pan-Glial Zrf1/Gfap . . - . - - . . . 
Neuron 
HuC/D . . - . - = . - = 
rorab . . . . . - . . - 
Gabaergic 
(v-ka´vedl; d-v2) 
gad1b . . . . . = . . - 
Astrocytes slc1a2b . . . . . - - . - 
Olygodendrocyte 
percursor 
olig2 . . . . . - - . - 
 
1ry Motor Neuron 
 
 
olig2 . . . . . - - . - 





Figure 6.1 – Lineage tree of neural cells affected by hindered MTH uptake by MCT8 in 
zebrafish embryos. It is hypothesised that MTH acts over neural stem cells and affects the 
development of the correct lineage tree. Cell categories in bold were affected in the MCT8MO. 
The black arrow indicates that no differences were detected in the transition from embryonic to 
neural stem cells. Grey arrows indicate events that were not confirmed to be affected by lack of 
MTH, such as radial glial cells giving rise to neurons or glial progenitors and oligodendrocyte 
precursors originating oligodendrocytes or astrocyte-like cells. The red arrows indicate 
processes modified in MCT8MO and suspected to be affected by MTH, such as decrease in 
neuron committed progenitors, and consequent loss of several types of mature neurons, as well 
as development of radial glial cells that originate less oligodendrocyte precursors, and astrocyte-
like cells.  
The specificity of TH action during brain development is revealed by cretinism (Chen & 
Hetzel 2010), where children present mental delay but usually do not have microcephaly. 
Similarly, only 10% of AHDS patients were diagnosed with microcephaly (Boccone et 
al. 2013).  Our results show an effect of MTH on asymmetric cell divisions in the spinal 
cord (Chapter 5). With asymmetric divisions being a source of cell fate diversity (Götz & 
Huttner 2005). This may explain the phenotype of TH deficit during neurodevelopment, 
since fate restriction may impair function. This was observed in chicken embryo, where 
knockdown of MCT8 in retina leads to an unbalance in the ratio of cone types with an 
increase in short wavelength-sensitive cones at the expense of medium/long wavelength-




A recent study, showing the distribution of TH receptors, transporters and deiodinases in 
the human pre-natal brain, showed that radial glial cells are an important source of TH 
supply to the brain (López-Espíndola et al. 2019). Herein, fabp7a(+) radial glial cells 
were shown from at least 32hpf until hatching to co-express, thraa, thrab and mct8 in the 
spinal cord. In 96hpf zebrafish that underwent radial glia ablation, a similar phenotype to 
zebrafish MCT8MO embryos was reported (Johnson et al. 2016). Dorsal Blbp(+) cells 
disappeared while ventral populations (GFAP- but sox2(+)) increased in number and 
showed disorganization. Furthermore, the individuals with radial glia ablation had 
reduced oligodendroglia, secondary interneurons and motorneurons, probably due to the 
loss of radial glial cells (Johnson et al. 2016). The loss or delay in development of radial 
glia, observed in fabp7a/slc1a2b/GFAP cells in the MCT8MO may reflect a similar 
effect. Of note is the fact that the cell morphology of the remaining radial glial cells in 
MCT8 morphants was not identical to control siblings, further implying that these might 
not represent the same sub-cell type of radial glia cells. If dorsal fabp7a/GFAP(+) cells 
were lost by apoptosis or did not develop was not evaluated but this would be interesting 
to determine in the future. The identification of ventral fabp7a populations and their 
progeny would reveal the identity of cell types that overdevelop when MTH is ablated by 
MCT8MO and may explain why the brain in AHDS is not typically microcephalic.  
Cells expressing her2 give rise to both neuronal and glial cells in zebrafish (Cheng et al. 
2015; Gao et al. 2015) and although the exact identity of the progeny is unknown, the 
loss of some of these progenitor cells (Chapter 4) may be reflected in glial cell 
development and diversity, namely fabp7a(+) radial glia and astrocytes. Our data directly 
point to this, given that the distribution of fabp7a(+) radial glia and astrocytes in the spinal 
cord of MCT8MO embryos is different and that some but not all her2(+) cells present 
higher apoptotic levels and decrease proliferation. In fact, in MCT8MO embryos, her2(+) 
cells that also express thraa and thrab are more ventral whereas in control they present a 
more dorsal position clearly arguing that the resulting her2(+) progenitors are not similar 
to the ones found in control embryos. Also the decrease in asymmetric cell divisions in 
the period 23-26hpf  (Chapter 5) may reflect that less diversity of glial cells are being 
formed. Decreased number and length of radial glia, loss of neuronal bipolarity, and 
impaired neuronal migration, were features observed in hypothyroid embryonic mouse 
(Pathak et al. 2011). Some of these glial cells may be astrocytes which start to develop in 




In mammals, astrocytes express thyroid hormone receptors and Mct8, being primary 
genomic targets of T3 and play an important role in brain TH metabolism and homeostasis 
(Bernal 2016; Gil-Ibáñez et al. 2014; Morte & Bernal 2014).  
6.3 RELEVANCE OF THE DATA FOR AHDS SYNDROME 
The implications of the findings in this thesis are of importance for understanding ADHS 
syndrome and should be further explored. It has been suggested that the pathogenesis 
associated with MCT8 deficiency in ADHS arises from impaired T3 transport across the 
BBB. However, it is demonstrated in the zebrafish model that the effect over neural cell 
progenitors occurs prior to BBB development at 20hpf in zebrafish (Ulrich et al. 2011). 
Showing that at early stages, MTH entering through cellular Mct8 of CNS-residing cells 
is responsible for regulating their development. 
Although a number of treatments for AHDS syndrome have been undertaken (Chapter 1), 
and in some cases the peripheral thyrotoxicosis was ameliorated, the neurological 
phenotype could not be rescued.  Timing and concentration of TH supply is essential for 
neurodevelopment as shown by the different outcomes of a number of TH related 
pathologies. In the first trials of treatment for neurological cretinism by iodization, 
researchers realized treatment was only efficient if it occurred before pregnancy or during 
the early stages of foetal development (reviewed in Escobar et al., 2000). And although 
the phenotype of these two pathologies, AHDS and cretinism is not identical, since they 
have diverse aetiologies, they both arise from the fact that TH did not reach the target 
cells during a certain window of development at the appropriate levels. Our data supports 
the temporal restricted action of MTH in vertebrate neurodevelopment. Two 
developmental periods seem to be especially crucial for MTH action in zebrafish 
development, 12 and 22-25 hpf. We showed that MTH transported by Mct8 is necessary 
for the development and maintenance of progenitor cells, from as early as 12hpf, in the 
beginning of neurogenesis, that will give rise to several cell lineages, whose development 
is hindered. Amongst these are zebrafish putative astrocytes. Given the role astrocytes 
play in TH metabolism in the brain, if the number of astrocytes is decreased, an effect 
over TH metabolism in the brain will be noticeable. To date in AHDS patients a specific 
effect over astrocytes has not yet been reported. 
 




The aim of this thesis was to establish the role of MTH acting through the MCT8 
transporter. In summary, using a zebrafish MCT8MO model, it was possible to elucidate 
some of the specific actions of MTH, acting through Mct8 in neurodevelopment: 
1) Transcriptomics showed MTH participates in a variety of developmental 
signalling cascades during zebrafish embryogenesis.  
2) In zebrafish MTH is not involved in neuroectoderm specification and early 
determination of the different brain regions, MCT8 uptake of MTH appears to be 
necessary for neural development from 12hpf onwards. 
3) The action of MTH on neural development is cell, time and niche specific, 
affecting the development of specific cell populations, from neural stem cells to 
neuron progenitors, radial glia, oligodendrocyte progenitors and mature glial cells.  
4) MTH acting through MCT8 is necessary for the survival and proliferation of 
neural progenitor cells.  
5) MTH is necessary for the differentiation of glial cells/intermediate precursors in 
the spinal cord. The effects of MTH on responsive progenitor cells are reflected 
by the timely development of neurons and glial cells. 
A model is proposed (Fig. 6.2) that hypothesises that, in zebrafish, MTH sensitive neural 
stem cells when deprived of MTH via MCT8 loss of function undergo apoptosis and 
decreased proliferation at distinct moments in development. The remaining neural stem 
cells, that do not require MTH for development, give rise to decreased glial and neuron 
progenitor cell diversity, with a subsequent loss in the variety of mature neurons and glial 
cells. This effect on the cellular level at initial stages of development would consequently 
lead to modified function of the CNS.  
In conclusion, here we show that thyroid hormone transferred from the mother to the 
embryo allows the enrichment of neural progenitor pools and the generation of cell 
diversity necessary to produce a fully functional central nervous tissue. It is of great 
interest to pursue some of these findings to provide clarification of the genetic and cellular 





Figure 6.2 – Modelling of the action of MTH during zebrafish neural development. Neural 
stem cells sensitive to MTH action through MCT8 (expressing MCT8 and TR)  undergo apoptosis 
and decreased proliferation giving rise to decreased glial and neuron progenitors, originating less 
diverse neural cell populations.  
6.5 FUTURE PERSPECTIVES 
The detailed study of the role for MTH in brain development in zebrafish coming from 
the results of the MCT8MO transcriptome study clearly reveal TH importance as a 
developmental integrator. These findings, although giving the broad picture of MTH 
action through MCT8 in the zebrafish embryo, have the shortcomings of the whole-
embryo transcriptional analysis. The cellular and temporal specificity of TH action 
highlights the need for a cell centred approach, in future studies regarding the molecular 
action of MTH, namely regarding Notch, Wnt and Shh pathways.  
A number of studies of single cell transcriptomics in wild-type zebrafish embryos have 
been published  (Farrell et al. 2018; Raj et al. 2018; Wagner et al. 2018) and with 
appropriate tools and time, more information can be retrieved in order to better guide 




Besides neural development, the transcriptomic data obtained from the zebrafish 
MCT8KD model could be used as base to explore other tissues know to be influenced by 
TH action during development, such as muscle and eye development.  
Taking advantage of the zebrafish model, transgenic reporter lines of TH signalling 
components and cell fate markers would allow for in vivo detection of protein localization 
within developing zebrafish embryos, which would grant real time analyses of 
colocalization and putative interactions.  
Regarding AHDS, the relevance of MCT8 uptake of TH for astrocyte lineage 
development/maturation should be further studied, given their importance in TH 
metabolism in the brain. This could be achieved by increasing the markers used in order 
to better characterize zebrafish astrocyte population and its originating lineage. The use 
of a zebrafish MCT8 knock-out model would allow to determine a longer-term effect in 
this cell type.  
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